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In optical receivers avalanche photodiodes (APDs) are frequently the 
photodetectors of choice due to high sensitivity afforded by their internal gain. APD 
noise and bandwidth are strongly dependent on the carrier impact ionization statistics 
in the APD gain region. Low noise comparable to silicon APDs was observed in 
Al0.9Ga0.1As APDs, due to larger carrier impact ionization coefficients ratio. A long-
wavelength AlGaAs APD was therefore developed using a direct wafer-bonding 
technology to demonstrate long-wavelength absorption on GaAs substrates.  For InP-
based long-wavelength APDs, InAlAs lattice-matched to InP provides better noise 
and speed performances than InP due to larger ratio of carrier impact ionization 
coefficients. A thinner InAlAs layer provides even lower multiplication noise and a 
higher gain-bandwidth product than a bulk material due to pronounced carrier dead-
space effect. Demonstrating high-speed, high-sensitivity APDs for fiber-optic 
communications is one of the primary tasks for this work. For 10Gb/s tele-
communications, high carrier saturation velocities (>10^7cm/s) in In0.53Ga0.47As 
allow a thick absorbing layer (>=1µm) in APDs. In order to improve APD sensitivity, 
 viii
a thin InAlAs material was further incorporated to achieve high avalanche gains with 
less bandwidth penalty. A ~-29.5dBm optical receiver sensitivity was achieved using 
a 200-nm InAlAs APD. For the 40Gb/s applications, carrier saturation velocity sets 
an upper limit of absorbing layer thickness to less than a quarter micron. It is 
necessary to separate photon absorption from carrier transport to fundamentally 
circumvent speed constraint on APD’s responsivity. One solution is using a 
waveguide structure through which the incoming light is coupled into a thin 
absorbing layer in a direction normal to that carriers transport. Using this type of 
device structure, sensitivity becomes a function of device length rather than just the 
absorbing layer thickness. An InAlAs waveguide APD with both high responsivity 
(>0.62A/W) and broad bandwidth (>34GHz) was demonstrated, based on this 
scheme. In addition to telecommunications, long-wavelength InAlAs APDs, which 
provide broad wavelength coverage, high detection sensitivity, high gain uniformity, 
low dark currents at room temperature, and broad bandwidth, are also promising for 
the near-infrared three-dimensional imaging applications. A high-speed 40X40 
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As early as two centuries ago, people learned, intuitively, the idea of 
communicating with each other using light. During the Western Zhou Dynasty in 
China (781−770 BC), an “alerting system” was built in which “warning messages” 
could be transmitted, using lighting-torches, for hundreds of miles through relaying-
towers, even though its performance was sensitive to the climate. The development 
of optical communication technologies has continued throughout human history. In 
1880, four years after the invention of the first telephone, Alexander Graham Bell 
proposed his method of optical communication. Only with the invention of lasers, 
photodetectors, and most importantly, the low-loss silica optical fibers, was the 
dream of optical communication realized. Photodetector sensitivity and speed, which 
are crucial to a telecommunications system, strongly influence the number of optical 
repeaters required, thus determining the overall system cost, performance, and 
reliability [1-1]. Imaging and sensor related applications have also become areas for 
high-sensitivity, high-speed long-wavelength photodetectors. The avalanche 
photodiode (APD), which provides high-sensitivity as well as high-speed, is one of 
the most important types of photodetectors for these applications. 
1.1 APDs for Telecommunications Applications 
An optical fiber communication system consists of optical transmitters for the 








detection. High-speed electronic signals are converted into optical signals through 
the transmitter and are subsequently coupled into the transmission medium − optical 
fibers. For digital systems these optical signals then travel along the optical fibers in 
the form of optical pulses. At the receiving end the optical receiver recovers the 
optical signals, which are often highly attenuated due to transmission loss, and 
converts them back into electrical signals. A photodetector in the front end of the 
optical receiver module plays a crucial role for the optical-to-electrical (O-to-E) 
signal conversion, in terms of both sensitivity and speed. These two characteristics, 
sensitivity and speed, are the key performance criteria for the telecommunications 
photodetector design. High sensitivity requires a large absorbing volume in order to 
obtain high responsivity in a photodetector. On the other hand, high operation 
bandwidth (speed) is achieved by shrinking the device active region to minimize the 
carrier transit time. Consequently, there is a performance tradeoff linked to the 
thickness of the absorbing layer. At a specific operational data rate, which is 
regulated by existing communication standards, such as 10Gb/s (actually 
9,9853Gb/s) for the OC-192 and four times higher for OC-768, successful 
photodetector design becomes a task of achieving maximum sensitivity at a required 
device speed.   
Avalanche photodiodes, which have been studied for more than 35 years, can 
fundamentally relieve this speed-sensitivity constraint. An APD provides higher 
detection sensitivity than a p-i-n photodiode, assuming similar device dimension, due 
to internal avalanche gain via carrier impact ionization. Even though APDs have 








structure, stringent material quality requirements, inferior temperature stability, 
higher reverse bias, excessive shot noise, and degraded bandwidth at high gains, high 
performance APDs are still the preferred detector for many applications.  
For 10Gb/s telecommunications APDs, high saturation velocities of carriers 
(>107 cm/s) allow the use of a relatively thick absorbing layer (i.e. ≥1µm). This 
greatly simplifies the APD’s optical coupling design by simply using a normalized 
backside-illumination scheme in conjunction with a proper anti-reflection coating. 
As a result, a typical unity-gain external quantum efficiency of ≥50% can be easily 
achieved at wavelength of 1.55µm. In order to achieve higher responsivity recent 
research has focused on identifying better materials or improved device structures, to 
obtain the highest avalanche gain with minimum bandwidth penalty.  
For a 40Gb/s APD, the carrier saturation velocity sets the upper limit on 
absorption layer thickness to less than a quarter micron. To acquire more efficient 
optical to electrical conversion within such a thin absorption layer, it is necessary to 
separate the incoming photon absorption from the carrier transport, which will 
fundamentally circumvent device speed constraints on photon absorption. Using a 
resonant cavity, the optical to electrical conversion efficiency can be greatly 
improved from the multiple passes of the incident light through the absorbing layer 
[1-2]-[1-5]. But this approach adds considerable complexity to the device design, 
material growth, device fabrication, and, most of all, generates an extremely narrow 
absorption spectrum, due to the cavity resonance, that leads to wavelength specific 
operation. An alternative for enhancing APD sensitivity is use of a waveguide 








direction normal to carrier transport. In this type of device structure, sensitivity 
becomes a function of device length rather than the thickness, and better optical to 
electrical conversion is expected due to a relatively longer optical absorption length. 
This method is simpler but more effective in comparison to the resonant-cavity 
scheme. Difficulty still exists in coupling light from the optical fiber, from which the 
beam-waist is usually several microns in diameter, into a fairly thin absorbing layer 
that is far less than a micron in thickness [1-6]-[1-9].  
One of the main directions of my research was to develop high-sensitivity, 
high-speed avalanche photodetectors for both 10Gb/s and 40Gb/s applications. 
Accordingly, avalanche photodiodes, using bulk InGaAs as the absorbing material 
and a thin InAlAs material as the gain region material, were developed to 
demonstrate high-sensitivity at 10Gb/s data rate. Integration of those APDs with 
amplification circuits resulted in high APD receiver sensitivity. Based on the 
InGaAs/InAlAs/InP material system, the first high-responsivity evanescently 
coupled avalanche photodetector was demonstrated for 40Gb/s telecommunications 
needs, by using a multimode input waveguide scheme. This waveguide avalanche 
photodiode has exhibited high unity-gain responsivity, as well as a high gain-
bandwidth product, under small signal conditions. 
1.2 APDs for Imaging Applications 
Long-haul, high-bit-rate optical receivers utilize APDs because they provide 
better sensitivity than p-i-n photodiodes. In addition to this application, APDs can be 
fabricated in a two-dimensional focal-plane array to meet the requirements of 








[1-10], detection of internally reflected Cherenkov light (DIRC) [1-11], or 
scintillating fiber readouts [1-12], where silicon APDs have already been widely 
used as a compact solid-state alternative to photo-multiplier tubes (PMTs). 
Furthermore, rapidly emerging three-dimensional (3-D) near-infrared imaging 
applications [1-13] require focal-plane APD arrays that have broad wavelength 
coverage (0.8µm ≤ λ ≤ 2.0µm). In addition to this wavelength requirement, infrared 
photodetector arrays should also provide high detection sensitivity, high gain 
uniformity, and low dark currents at room temperature, to meet stringent imaging 
quality requirements. Finally, operation bandwidth is another critical issue for 
fabricating imaging photodetector arrays because a sampling rate over 1Gsps is 
required in a 3-D imaging system to obtain the necessary spatial resolution. Every 
APD device in the entire focal-plane array must be fabricated to concurrently satisfy 
all of the above necessities. For this reason, my research diverged from 
telecommunications APDs into developing long-wavelength focal-plane APD arrays 
and large-area APD sensors, based on similar InP material systems.  
1.3 Organization of Dissertation 
All of my finished research has focused on studies of long-wavelength 
compound APDs and arrays, based either on GaAs or InP material systems. In 
Chapter 2, commonly used photodetectors and the requirements for APDs are 
introduced. Chapter 3 presents general APD design methods and several specific 
issues related to the design of high-speed APDs with separate absorption, charge, 
and multiplications (SACM) regions. In Chapter 4, multiplication noise 








are presented. In Chapter 5, temperature dependence of breakdown voltage, 
multiplication noise, and impact ionization coefficients of AlxGa1-xAs avalanche 
photodiodes are reported for a wide temperature range. In Chapter 6, the first GaAs-
based long-wavelength avalanche photodiode is demonstrated using a direct wafer 
bonding (DWB) technique. In Chapter 7, InGaAs/InAlAs focal-plane APD arrays are 
presented. In Chapter 8, large-area InGaAs/InAlAs APD results are demonstrated for 
infrared sensor applications. Dark current characteristics of MBE-grown 
InGaAs/InAlAs APDs are also thoroughly analyzed. In Chapter 9, a high-sensitivity 
integrated receiver is demonstrated by integrating a high-speed InGaAs/InAlAs APD 
with a commercially available pre-amplifier and a limiting amplifier. APD results, as 
well as receiver-related design, fabrication, and testing issues, are also discussed in 
this chapter. In Chapter 10, a novel multimode evanescently-coupled waveguide 
APD, with a high gain-bandwidth product and a high unity-gain responsivity is 
demonstrated. In Chapter 11, the work in this dissertation is summarized, and future 






Requirements for Long-Wavelength 
Avalanche Photodiodes 
Fiber-optic communication systems have already become the dominant 
backbone of modern information technology. The fast-booming telecommunication 
markets, especially those for networking-related applications, have imposed great 
challenges to the current technologies. Ever-increasing demands of fiber-optic 
communication systems require optoelectronic components that provide larger signal 
processing capacity, higher data transmission rate, superior reliability, and most 
importantly, lower cost. In fiber-optic communication systems, photodiodes are not 
only essential but also very critical components through which the fast information-
carrying optical signals are transformed back into electrical signals for further de-
multiplexing and decoding at relatively lower data rates. In 3D-imaging applications, 
APDs and read-out circuits actually construct an array of optical receivers. The role 
that an APD plays in an optical receiver demands that they must meet stringent 
system requirements, both on performance and on signal capacity. Since a 
photodiode is normally utilized at the front end of an optical receiver, the signal-to-
noise ratio (SNR) of the photodiode directly affects the overall SNR of the optical 
receiver. High SNR photodiodes are therefore indispensable to obtain high-
sensitivity optical receivers. The requirement of high data transmission rate poses 
another challenge for photodiodes. To satisfy this demand, considerable effort has 
been focused, over the past 20 years, on developing high-speed photodetectors. As a 
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consequence, various types of photodetectors, such as MSM photodiodes, p-i-n 
photodiodes, avalanche photodiodes (APDs), etc., have been developed to meet 
those requirements [2-1]-[2-11].  
2.1 Criteria of Photodiode’s Performance 
The attenuation characteristic of a silica optical fiber, as shown in Fig. 2.1, 
determines the operating wavelength ranges adopted for long-haul fiber-optic 














Since silica optical fiber exhibits minimum dispersion at wavelength near 
1.3µm and minimum optical loss at 1.55µm, respectively, these two wavelengths 
have become widely accepted standards for both light emitters and photodetectors in 
Fig2.1 Typical optical absorption loss characteristics of a silica fiber 
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long-haul fiber-optic communication systems. This is the most important 
specification for photodetector designers. It determines the detection wavelength of a 
photodiode, and thus determines the semiconductor materials and device structures 
to be used for photodiode design and fabrication. From the material point of view, 
with the exception of germanium (bandgap energy Eg ~0.6eV), no natural 
semiconductors are available to satisfy the bandgap requirement for a long 
wavelength photodiode that has an upper detection wavelength edge up to 1.6µm. 
There exist, however, at least two inherent disadvantages of germanium, (1) small 
bandgap value, and (2) indirect nature of its energy band minima.  
The small bandgap of Ge leads to high noise in detectors at room temperature 
and above, due to high dark current levels. Furthermore, germanium material has 
material and technical limitations that have kept it from direct optoelectronic 
integration.  
Fortunately, several III-V compound alloys can be used as suitable alternative 
light absorbing materials in the long-wavelength detection ranges. Fig. 2.2 shows a 
diagram of bandgap energy as a function of lattice constant for many of the 
compound semiconductors. Some III-V ternaries and quaternaries such as InGaAs, 
GaAsSb, and InGaAsP that are lattice-matched to InP substrates exhibit appropriate 
long wavelength absorption properties. More specifically, In0.53Ga0.47As, which has a 
wavelength cut-off edge extending up to ≥1.7µm and covers both 1.3µm and 1.55µm 
transmission windows of optical fibers, is frequently used for long-haul fiber-optic 
communication photodetectors, as has been illustrated in Fig. 2.  
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Fig. 2.2 Energy band gap of most semiconductors and alloys 
Fig. 2.3 Cut-off wavelength of InP-lattice-matched In0.53Ga0.47As  
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Responsivity R, defined as the photocurrent generated per unit incident light 
power, which is expressed in terms of A/W, is commonly used to characterize 
optical-to-electrical conversion efficiency of a photodetector. This is another 
important parameter for assessing a photodiode’s performance. Responsivity can be 
equivalently characterized in term of the external quantum efficiency, ηext, which is 
100% when each incoming photon excites an electron-hole pair that is eventually 
collected by the electrodes. Based on the above definitions, the relation between 











/ ,                                     (2.1) 
where I is the photo-generated current, P is the incident optical power, hν is the 
incoming photon energy, and e is the electron charge. In order to obtain high signal 
to noise ratio (SNR) optical receivers and thus maximize the separation between 
optical repeaters in a long-haul system, photodetectors with high responsivity or high 
external quantum efficiency are always desired.  
However, responsivity, or external quantum efficiency, cannot be used alone 
to determine the total SNR of a photodiode. Practically, the noise of a photodiode 
will also degrade its SNR. The ability of an optical receiver to detect presence or 
absence of input optical signals rests upon its ability to discriminate between the 
minimum detectable input optical signal power and the noise power generated by the 
integrated receiver itself within an identical working bandwidth. The noise is one of 
the most critical parameters of photodetectors. Normally, the noise is described in 
terms of noise power spectrum density <i2>, which is the quadratic mean of the noisy 
current within a unity frequency bandwidth. The total noise appearing in an infrared 
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communication system may come from a variety of noise sources, which are 
generally categorized into three types: (1) photodetector noise, (2) amplifier noise, 
and (3) noise from the background optical radiation. For photodiodes operating at 
high frequencies, thermal noise and shot noise are two main types of noise sources, 
which can be characterized by a uniform noise spectral density within the entire 
detection wavelength range. Thermal noise originates from Brownian motion of 




42 >=< ,                                         (2.2) 
where B is the operation bandwidth, T is the absolute temperature, k is the 
Boltzmann constant, and R is the load resistance. Shot noise is another critical type 
of noise in a photodiode, which is correlated with the discrete and random nature of 
the charge (carrier) movement. It can be expressed as 
eIBi shot 2
2 >=< ,                                            (2.3) 
where e is the electron charge, I is the current flow through the photodiode, and B is 
the photodiode bandwidth. Since these two random noise sources are statistically 
independent, the summation of their quadratic mean value gives the total noise 




4222 +>=<+>>=<< ,         (2.4) 
From this equation, it can be inferred that high resistance is desirable to reduce the 
thermal noise and to enhance the SNR of a photodetector. However, the resulting 
high RC constant reduces the bandwidth of the detector and thus degrades the overall 
SNR of an integrated optical receiver. As a result, for high-speed applications, trade-
 
 13
offs must be made both at the device-level and at the circuit-level.  
Bandwidth is another important factor for telecommunications photodiode 
design. The bandwidth of photodiodes needs to be high enough to support high data 
transmission rate in a long-haul telecom system. The bandwidth of a PIN photodiode 
is primarily determined by the following factors: (1) the election and hole transit 
times, (2) the RC time constant, (3) minority carrier diffusion, (4) carrier trapping at 
hetero-interfaces, and (5) signal delay due to photodiode packaging.  
The transit times depend on the device active region thickness and the 
electron and hole saturation velocities. The most common approach to reducing the 
transit times is to utilize thin absorbing layers. 
 When a significant portion of the incident photon absorption occurs out of 
the depleted region where the electric field intensity is very low, the photo-generated 
carriers will transport via carrier diffusion, a process that is much slower compared 
to carrier drift. Since the diffusion time can be comparable to the carrier lifetime, the 
efficiency and the bandwidth will be adversely affected if diffusion is a dominant 
effect. To circumvent these limitations the photodiode structure is usually designed 
so that the entire absorbing layer is depleted.  
If heterostructures are necessary in a photodiode design, carrier trapping due 
to conduction band and valence band discontinuities can also restrict the bandwidth. 
Carriers trapped at heterojunctions escape by recombination through interface traps 
or thermionic emission; both are slow processes. Hole trapping is more significant in 
a long-wavelength InGaAs/InP photodiode because the valence band offset is larger 
(~0.4eV) at the InP/InGaAs interface than that of the conduction band. Practically, in 
a long-wavelength photodiode design either a moderately high electric field is 
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applied at the hetero-interface or the band discontinuity is graded with a 
compositional alloy so that carrier-trapping effect can be greatly reduced.  
The RC time constant is usually reduced by decreasing the photodiode active 
area, which, in turn, lowers total junction capacitance. However a small device area 
can result in high contact resistance, which will increase RC constant. Packaging 
induced parasitic will cause bandwidth degradation, but can be addressed using 
advanced device bonding technology.  
2.2 Commonly Used Semiconductor Photodetectors 
2.2.1 Metal-Semiconductor-Metal Photodiodes 
The simplest photodiode structure is the Metal-Semiconductor-Metal (MSM) 











Fig. 2.4 Typical device structure of a Metal-Semiconductor-Metal photodiode 
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    An MSM photodiode is formed by depositing two Schottky metal contacts on 
an unintentionally-doped semiconductor material, usually in the form of inter-
digitated patterns. Due to their inherently planarized device structure and the fact that 
both contacts are on the top surface, MSM photodiodes are well suited for 
monolithic integration with subsequent microelectronic circuitry. This is the most 
prominent advantage of MSM detectors when compared with other types of 
photodiodes. The second advantage of an MSM photodiode is its potential for high- 
speed operation. Normally, the semiconductor region below and between the metal 
contacts is completely depleted. Under illumination, the photo-generated carriers in 
this region are immediately swept toward the metal electrodes. The response time of 
this type of photodiode is determined primarily by the transit time of the photo-
generated carriers and the RC time constant. Since the Schottky junction capacitance 
of the MSM structure is usually very small, most photodetector bandwidth records 
have been achieved using MSM photodiodes. For example, with a spacing of 
approximately 1 µm between the metal fingers MSM photodiodes can achieve a 
bandwidth up to 50 GHz. By using a sub-micron photolithography the finger 
dimension and, thus, the junction capacitance can be greatly reduced. An MSM 
photodiode with an electrical bandwidth of 510 GHz has been demonstrated by using 
deep sub-micron fabrication technology [2-12].  
One big disadvantage of the MSM type photodiode is its poor external 
quantum efficiency. Since the Schottky metal contacts are located on the device 
surface, almost half of the incident photons are blocked due to the contact shadowing 
effect. This problem can be solved, to an extent, by using transparent metal contacts 
or by using backside illumination. Another disadvantage of an MSM photodiodes is 
 
 16
their relatively high dark current levels. Even at low electric field, the dark current 
level of an MSM photodiode is high due primarily to the high thermionic emission 
rate over the metal-semiconductor barriers. Using wider bandgap semiconductor 
materials, such as GaAs, AlGaAs, or InAlAs, the metal-semiconductor barrier height 
can be increased so that junction leakage (dark) current of a MSM diode is 
suppressed to a level comparable to a p-n junction. For long-wavelength 
applications, the narrow band-gap In0.53Ga0.47As is commonly used as the absorbers. 
Low barrier height of Schottky contacts on In0.53Ga0.47As often leads to intolerable 
high dark current level. A wide bandgap semiconductor, such as InAlAs, is normally 
grown on top of the narrow bandgap absorbing material to increase the barrier height 
and therefore decrease the total dark current density. This, however, can result in 
hole trapping, which degrades the bandwidth unless a graded layer is also utilized. 
The resulting penalty, therefore, is a somewhat more complex epitaxial growth 
process.  
Due to the reasons discussed above, MSM photodiodes are not commonly 
used for long-haul fiber-optic communications, even though they can achieve wide 
bandwidths and compatibility with amplification circuitry. 
2.2.2 p-i-n Photodiodes 
The most extensively used semiconductor photodetector is the p-i-n 
photodiode. A schematic of a typical p-i-n structure and the electric field profile in 
the device are shown in Fig. 2.5. P-i-n photodiodes have been widely used in the 
fiber-optic communications, because they can achieve wide bandwidth, low dark 
current density, low noise, and high quantum efficiency. The p-i-n structure consists 
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of an unintentionally doped layer (n- or p-, depending on the junction formation 
technique) sandwiched between p+ and n+ regions. Due to fairly low background 
doping level in the unintentionally-doped region, the free carriers are usually 
completely depleted at a low reverse bias, or sometimes even at a zero bias. 
Consequently, the electric field in the photodiode is almost totally confined within 












In the depleted absorbing layer the photo-generated carriers travel at their 
saturation velocity vsat. Similar to the MSM photodiode, the bandwidth of a p-i-n 
photodiode is determined by the carrier transit times or by the RC time constant. 
Since transit time, junction capacitance, and quantum efficiency are interdependent, 
in the design of a wide bandwidth p-i-n photodiode involves performance tradeoffs. 
Given a p-i-n diode with a totally depleted absorption layer, the external quantum 
efficiency, ηext, can be written as 




αη −−−= ,                                        (2.5) 
where d is the width of the absorption region,  α is the absorption coefficient, R is 
the reflectivity at the surface. The transit time component of the bandwidth for a p-i-
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where ve and vh are the electron and hole saturation velocities, respectively. The RC 
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It is primarily determined by the photodiode junction capacitance thus can be 
controlled through adjusting the device area to a value that is consistent with a 
desired bandwidth. For an optimal photodiode design, the total bandwidth of a p-i-n 


















B   (Hz).                                  (2.8) 
According to Equation (2.5), both a low reflectivity value (R) at the 
incidental light surface and a large absorbing region thickness are desirable to 
achieve a high quantum efficiency value and a low junction capacitance. However, a 
thicker absorber will decrease the photodiode bandwidth due to longer carrier transit 
time. Consequently, there exists a tradeoff between speed and quantum efficiency for 
p-i-n photodiode design. This tradeoff can be addressed by decoupling light 
absorption from the carrier transport. One solution is to use a resonant cavity [2-
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13]~[2-15]. Another method is to use a waveguide device structure in which light 
travels perpendicular to the electrical path [2-16]. These two approaches will be 
discussed in detail in the next chapter.  
2.2.3 Avalanche Photodiodes  
In its simplest form, an avalanche photodiode (APD) has a similar device 
structure to a p-i-n photodiode, as shown in Fig. 2.5. However, unlike the p-i-n, the 
APD is always biased at a voltage that is close to its breakdown. Through the carrier 
impact ionization process, an APD provides more electron-hole pairs from the same 
amount of primary photo-generated carriers, compared to a p-i-n photodiode. To 
achieve gain in an APD, the electric field strength in the intrinsic region needs to be 
high enough to initiate for impact ionization, as illustrated in Fig. 2.6. The optical-to-
electrical conversion efficiency of an APD, in terms of its external quantum 
efficiency, is greatly boosted by this carrier impact ionization process. If we assume 
the same optical absorption volume dimension for both a p-i-n and an APD, the 
external quantum efficiency of the APD can be written as  
)1)(1( dext eRM
αη −−−⋅= ,                                  (2.9) 
where d is the thickness of the absorption region,  α is the absorption coefficient, R is 
the reflectivity of light incidental surface, and M is the avalanche gain obtained 













where iphoto and idark are the multiplied photocurrent and dark current, Iprimary,photo and 
iprimary,dark are the primary photocurrent and dark current measured prior to the onset 
of carrier multiplication.  
While M can be very large, the actual usable value of M for fiber optic 
receivers is normally between 10 and 20 depending on what kind of materials and 
device structures are used. The reason is that the impact ionization process is a 
stochastic process. Consequently, the total number of impact ionization events that 
result from a single carrier injected into the high field region varies from carrier to 
carrier. This is the source of “excess” noise of an avalanche photodiode. 
Fig. 2.6 Typical device structure of an avalanche photodiode 
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As has been discussed previously, in each APD there exists a high electric field 
region in which sufficient energy is provided to the photo-generated carriers to cause 
carrier impact ionization. As a result, offspring carriers are generated, all of which 
contribute to the APD gain. The statistical nature of this impact ionization process 
results in fluctuations in the number of secondary carriers (electron-hole pairs) 
generated from each parent carrier, which in turn leads to fluctuations the ensemble 
APD gain [2-17] [2-18]. This type of gain fluctuation will cause variations in the 
APD output current and increase the APD’s total shot noise power above that of the 
multiplied shot noise power. Based on the statistics of the gain fluctuation, the APD 
excess noise can be characterized using an excess noise factor, F(M), which is a 









MMF  .                                             (2.11) 
According to the local impact ionization model developed by McIntyre [2-
19] in which carrier impact ionization coefficients (i.e., the probabilities of impact 
ionization per unity distance) were assumed to be only a function of electric field 
strength, the value of the excess noise factor F(M) is directly determined by the ratio 
(the k value) of electron and hole impact ionization coefficients (here α for electrons 
and β for holes), as 
)12)(1()(
M
kkMMF −−+= ,                                   (2.12) 
where k=β/α (β<α) or k =α/β (α<β), depending on which one is greater. Fig. 2.7 
plots the calculated F(M) as a function of M for various values of k. Based on the 
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local model, we can predicate that larger difference between carrier impact 















Another phenomenon associated with carrier multiplication is the effect of 
the gain process on bandwidth. At higher gains one primary carrier impact ionization 
event induces many consecutive impact ionization events. When k≠0 the sequential 
electron and hole impact ionizations creates “feedback loops” that cause an intrinsic 
device speed penalty and imposes an upper limit on the APD bandwidth, in terms of 
the gain-bandwidth product. This gain-bandwidth product is a well-accepted figure 
of merit for assessing APD speed performance. Even though the fundamental 
physics of APD speed degradation is straightforward, complicated calculations are 
Fig. 2.7 Excess noise of an avalanche photodiode as a function of its multiplication 
gain, as predicated by the local-field model [2-20] 
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necessary for detailed quantitative discussions [2-20]. However, a simplified 
illustration, as shown in Fig. 2.8, illustrates the origin of the gain-bandwidth product. 
One extreme (worst) case is shown in the upper graph of Fig. 2.8, where 
k=β/α =1. In this case, any single primary carrier, if accelerated in an adequately 
high electric field, is able to generate exactly two offspring carriers after each impact 
ionization event. As a consequence, one photo-generated primary carrier is enough to 
generate a chain of unlimited impact ionization events. The resulting bandwidth is 
therefore virtually zero. On the contrary, in another extreme (best) case where β =0, 
all the impact-ionization-generated holes traverse the multiplication region without 
initiating an impact ionization event. The resulting APD bandwidth is not limited by 
the gain dynamics, based on the local impact ionization model [2-20]. The calculated 
APD bandwidth at different k values as a function of multiplication gain is plotted in 









Fig. 2.8 Illustration of APD bandwidth degradation due to impact ionization 
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For the local field model, the performance of an APD is determined by its k 
value, an intrinsic property of each specific material. Lower values k of result in 
lower noise and higher gain bandwidth produces. As the APD multiplication layer is 
thinned, higher electric field is required to achieve a specific gain value than in a 
thicker device. It is well known that the impact ionization rate curves for electrons 
and holes merge at high electric fields [2-21], causing k to approach unity. Therefore 
it might be expected that the excess noise would increase as the multiplication 
thickness decreases. On the other hand, the opposite has been observed 
experimentally. The excess noise actually decreases in thin APDs [2-22]. This 
phenomenon has been attributed to the pronounced dead-space effect in thin 
multiplication layer APDs [2-22]~[2-25].  
Fig. 2.9 APD bandwidth degradation, as predicated by local-field theory 
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  The APD excess noise, fortunately, is actually determined by more factors 
than just a single k-value constraint. When a carrier, either a hole or an electron, 
initially enters the high-field region it must travel for a certain distance, the so-called 
dead-space, before it gains enough energy from the electric field to undergo a next 
impact ionization event. After impact ionization, the carriers typically occupy near 
the bottom of the energy band. Consequently, they are also subject to the dead-space 
effect. In thick devices this distance is negligible compared to the total device 
thickness, therefore the dead-space effect plays a minor role in the noise 
characteristics of thick APDs. As the device becomes thinner, however, the effect of 
dead space becomes more noticeable. As a result, the impact ionization events are 
more localized in a specific spatial range in the gain region and thus the gain process.  
The impact ionization event is more deterministic. This results in narrower gain 
spreading and lower excess noise. It is now very well known that thin APDs result in 
low excess noise in most III-V compound APDs [2-22]~[2-25]. A specific example 
is shown in Fig. 2.10, which shows noise measurements on a series of homojunction 
InAlAs APDs with various multiplication region thickness values. It is clear that 
excess noise decreases as the APD multiplication layer thickness is reduced, an 
indication of pronounced non-local effects in thin APDs. Further studies, enlightened 
by knowledge of the significance of the non-local effect in thin APDs, showed that 
APD excess noise can be further reduced by more pronounced localization of impact 
ionization events within a multiple-thin-layer structure, which has become known as 
impact-ionization-engineering (IIE) [2-26]. 
We have discussed several basic design rules to achieve low noise and high-
speed APDs: 1) use materials that have lower ionization coefficient ratio (k) values, 
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2) design APDs with thin multiplication regions (dead-space effect), 3) use multiple 










2.2.4 Advantage of an APD over a p-i-n photodiode 
As has been discussed in section 2.2, the primary noise sources of a p-i-n 
photodiodes are shot noise and thermal noise. Since these two noise sources are 
statistically independent, the resulting total noise power within a working bandwidth, 
B, may be expressed as 
RkTBBIIIei DBphotopin /4)(2
2 +++>=<                          (2.13) 
where Iphoto, IB, and ID are photocurrent, background-radiation-induced current, and 
dark current, respectively; R is the equivalent impedance determined by both 
Fig. 2.10 Excess noise reduction in InAlAs APDs, as a function of layer thickness   
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photodiode output resistance and input impedance of the following electrical pre-












Typically, as shown in Fig.2.11, the total noise power generated by a p-i-n 
photodiode is actually much less than that generated from the following pre-
amplifier, which is primarily determined by transistor thermal noise. Therefore, the 
shot noise term of the p-i-n photodiode does not contribute significantly in the 
overall signal-to-noise ratio expression of a p-i-n receiver (2.13).  
In an APD + pre-amplifier configuration, however, the signal power term in 
its SNR expression is boosted by a factor of M2, which greatly enhances the receiver 
sensitivity if the total excess noise term from the APD is still negligible compared to 
a the noise contribution from the preamplifier. In this case, the APD itself is almost 
equivalent to an excess-noise-free photodetector, only with its photoresponse (the 
signal term) boosted by the current gain. This type of APD receiver configuration 
Fig. 2.11 Sensitivity comparison between p-i-n and APD optical receivers 
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will provide much higher signal-to-noise ratio than a conventional p-i-n receiver 
because of the electrical amplification associated with extremely low APD noise and 
wide bandwidth. A low noise, high-speed APD will greatly relieve the burden for 
trade-offs between receiver noise and bandwidth, especially for those high data rate 
(i.e. ≥40Gb/s) applications.  
The actual sensitivities of APD receivers at different APD excess noise levels 
(different k values) are illustrated in Fig. 2.12. The sensitivity of a reference p-i-n 
receiver is also plotted assuming identical integration conditions. At high gains the 
multiplied APD shot noise term associated with a non-zero k-value is generally not 
negligible in comparison with the thermal noise generated by a low noise electrical 
pre-amplifier. As a consequence, the total equivalent electrical noise of an APD 













Fig. 2.12 Sensitivity comparison between a p-i-n receiver and APD receivers that 
have various k factors, based on the local impact ionization model 
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thermal noise is therefore written as  
R
kTBMFBMIIIeiii DBphthermalavapd
4)()(2 2222 +++>=<+>>=<<   (2.14) 
According to (2.1), an APD receiver’s total ensemble signal-to-noise power 































,        (2.15) 
From Equation (2.15), we can see that the optimum value of APD receiver sensitivity 
can be reached when the excess noise factor F(M) and the unwanted noise currents 
(IB and ID) both reach their minima.  
Comparing to a p-i-n photodiode, the APD gain value (M) actually reduces 
the thermal noise contribution to a receiver’s SNR by a factor of M2 and increases the 
total signal-to-noise ratio of the APD receiver, as shown in (2.15). However, as can 
be easily seen from (2.15), the total shot noise term is multiplied by a factor F(M). A 
noise penalty therefore will occur as F(M) increases with M. Furthermore, higher 
dark current level ID, together with the background noise term IB, also set a limit of 
achievable sensitivity of the APD receiver, even if the excess noise factor F(M) is 
very low and the thermal noise term is negligible after low noise electrical 
amplification at high gains. Consequently, both the APD excess factor (F(M)) and its 
dark current level (ID) must be minimized in order to achieve a high APD receiver 
sensitivity.  
From the discussions above, we may conclude that there exists an optimum 
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APD gain value that maximizes the APD receiver signal-to-noise ratio, assuming a 
finite F(M) factor associated with a specific k value and an acceptably low dark 
current level, as shown in Fig. 2.12. In addition, the internal gain of an avalanche 
photodiode relaxes the gain requirement of the subsequent preamplifiers, which 
results in higher performance from relatively simpler (and probably less costly) 
amplification circuitry. This is why an APD receiver usually achieves at least 5 to 10 
dB better sensitivity than a p-i-n optical receiver. For high-bit-rate fiber-optic 
transmission systems and other applications associated with the requirements of 
high-sensitivity and high-speed photodetectors, such as applications for IR imaging 
and for eye-safe sensors, an avalanche photodiode is frequently the ideal 
photodetector of choice.  
2.3 Summary 
Based on above discussions, I can simply derive a brief conclusion that for 
many practical applications, either telecom-related or imaging-related, low noise and 
wide bandwidth APDs are beneficial. It is also known that by using a low k-value 
material, a thin material, or an impact-ionization-engineered device structure, low 
noise, high-speed APDs can be achieved. APD receivers have a great advantage, in 
terms of receiver sensitivity, over both MSM and p-i-n optical receivers when the 
APD has reasonably low dark current, low noise, and sufficient bandwidth. 
Minimizing APD excess noise and dark current levels is therefore critical to 
achieving high sensitivity optical receivers, both for telecommunications and 3-D 







Avalanche Photodiode Design, Processing, 
and Characterization 
As has been discussed previously, the excess noise of an APD is critical to 
the ultimate sensitivity of telecommunications APD receivers. Moreover, in 3-D 
imaging applications, where weak SWIR (Short Wavelength Infra-Red) signals are 
detected by APDs in a focal-plane array prior to amplification in the following read-
out circuitry, the sensitivity and bandwidth of APDs eventually determine the spatial 
detection range and the spatial resolution of the system. Device design, material 
growth, and fabrication technology are critical to the performance of APDs and 
arrays. In this chapter, fundamental APD design methods, as well as a few high-
speed SACM APD related design issues, will be discussed. Device fabrication 
processes, plus device measurement methods for characterizing telecommunications 
APDs and focal-plane APD arrays, will also be presented.  
3.1 APD Electrical Design 
For a given speed requirement, two basic parameters, the equivalent unity-
gain external quantum efficiency or responsivity and the avalanche (multiplication) 
gain at a specific operation bias value, are two key factors that contribute to the 
sensitivity of receivers that utilize APDs.  
The first principle in a practical APD design is therefore to increase the unity-






detection sensitivity, the absorption volume of an avalanche photodiode is always 
maximized subject to the speed requirement. The total external quantum efficiency is  
)1)(1( dext eRM
αη −−−⋅=                                      (3.1) 
where the d is longitudinal dimension of the absorbing region, α is optical absorption 
coefficient of the absorbing media, R is the reflection coefficient at the incident light 
interface, and M is the avalanche gain. However, the maximum absorption thickness 
is, to some extent, determined by lattice matching. If lattice-mismatched 
heterostructures are involved in the absorbing layers, it is necessary to keep the 
dimension of each layer within its critical thickness so as to avoid forming 
dislocations in the epitaxial structures. These defects, if present, will cause high 
leakage current, induce premature breakdown, and even lead to device failure [3-1]. 
The design second goal is to achieve high gain. As has been discussed in 
Chapter 2, a low noise multiplication region is essential for an APD to operate at 
high gain values with minimal speed and noise penalties. As a consequence, low 
noise materials and structures, such as thin InAlAs or InGaAs/InAlAs 
heterostructures, are preferred as the multiplication region material for long-
wavelength telecommunications APDs [3-2]-[3-5]. 
Even if lattice mismatch is not a consideration, the influence of carrier 
transit-time on the total depletion layer thickness of an APD must be taken into 
consideration. Since carriers generated in a photodiode must traverse the whole 
depleted active region to be collected by the contact layers, the transit time of those 
carriers sets an upper limit on the photodiode bandwidth. In a simplified situation 






travel at the same saturation velocity vsat, the 3-dB bandwidth can be estimated using 
the following saturation velocity approximation 









=τ ,                                 (3.2) 
For a high-speed APD structure in which carrier multiplication exists, 
however, the situation becomes more complicated; this will be discussed in 3.1.2. 
The parasitic resistance and capacitance of an avalanche photodiode set 
another limit on its 3-dB bandwidth. As has been discussed above, the depletion 
layer of an APD needs to be thinned to minimize carrier transit time limit. As a 
consequence, the junction capacitance of the APD will increase and the resulting RC 
time constant will eventually dominate APD bandwidth. Using a first-order 
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where R is the total equivalent load resistance and C is the total equivalent 
junction capacitance, based on a simplified photodiode circuit model [3-6]. To 
achieve both high sensitivity and high operation speed, it is frequently necessary to 
compromise external quantum efficiency and, the carrier transit time.  
3.1.1 Design for Simple p-i-n Structure APDs 
An APD may be as simple as a p-i-n structure, as shown in Fig.3.1. For 
example, the APDs utilized for noise studies frequently have a p-i-n structure that is 






measurements. In this type of simple p-i-n device structure, a unintentionally-doped 
‘i’ region acts as a multiplication region to provide gain, while either the p+-doped or 
the n+-doped contact layer serves as the absorption region to presumably fulfill either 
a pure electron injection (p-i-n) or a pure hole injection (n-i-p), respectively, into the 












However, this type of device structure is not suitable for the high-speed 
operation. One reason for this is that the slow diffusion of minority carriers through 
the thick absorbing layer. Moreover, even for thick absorbing layers, a small fraction 
of the incoming photons can still reach the multiplication region, which results in 
mixed carrier injection. This type of mixed carrier generation in the multiplication 
region, if not negligible, will degrade both the noise and speed of the APD, as has 
been discussed in Chapter 2. Hence, in order to achieve high-speed operation, an 






APD device structure needs to be designed to separate photon absorption from 
carrier multiplication and to utilize carrier drift rather than carrier diffusion.  
3.1.2 Separate Absorption, Charge, Multiplication APDs 
To address the issues discussed above, a SACM (Separate Absorption, 
Charge, and Multiplication) APD structure as shown in Fig. 3.2, which decouples 




















A SACM APD structure includes an absorbing region and a multiplication region 
separated by a charge (field buffer) region. The main advantage of a SACM APD 
structure over a simple p-i-n structure is that the photon absorption process and the 
carrier multiplication process are spatially separated and can be optimized 
individually. In long-wavelength SACM APDs, the absorption material is usually a 
narrow band-gap material and the electric field in this region needs to be low to 
eliminate carrier tunneling. The multiplication region, however, is normally a wide 
band-gap material where the electric field strength needs to be high enough to 
provide APD gain.  
In order to satisfy the requirements for different electric field strength values 
in these two regions, a moderately doped charge layer is sandwiched between them. 
The electric field decreases linearly from a high value (normally > 750KV/cm in a 
thin In0.52Al0.48As APD) to a much lower electric field to avoid noticeable tunneling 
in the absorbing region. The electric field in the absorbing region will force all the 
photo-generated electrons to drift towards the multiplication region. Since all the 
incoming photons are absorbed in the In0.53Ga0.47As region, this structure effectively 
eliminates mixed carrier injection.  For the reasons discussed above, the SACM 
device structure was selected as the primary device structure for my focal plane APD 
array studies and for my telecommunication APD studies. 
3.1.3 A Few Issues in the SACM APD structure design 
The first issue to be discussed for a SACM APD structure design is how to 






structure, only a moderately high electric field in the absorbing region is expected so 
that no tunneling will occur. But, as has been recently observed in my high-speed 
APD studies, carrier multiplication in the absorbing region, even a small amount, is 
extremely detrimental to APD speed performance. The electric field strength that 
causes an observable tunneling effect in the InGaAs (≥200KV/cm at room 
temperature) is higher than the electric field strength required for noticeable low 
field carrier multiplication (≥180KV/cm) [3-8]. Any electric field strength within this 
range will cause carrier multiplication in the InGaAs absorbing region, whereas no 
obvious tunneling can be observed.  
The impact of carrier multiplication in the absorbing region of an APD both 
on its DC and on its transient performance can be illustrated using figures 3.3 (a) to 





































Fig. 3.3 (b) Carrier generation in an APD, with gain only in multiplication 
region 
Fig. 3.3 (c) Carrier generation in an APD, with gain both in absorption 






Assume a simplest case, as shown in Fig. 3.3 (a), where a SACM APD is 
biased at its unity-gain. Since the electric field is relatively low and no carrier 
multiplication exists within this APD, both its dark current level, which primarily 
originates from the thermal generation in the depleted regions, and its transient time 
limit, which is determined by the longest carrier transit path (“A” to “B” for electrons 
and “B′” to “A′” for holes, depending which one is slower), reach their lowest value, 
just like in a dual-depletion region p-i-n photodiode.  
As the reverse bias increases, carrier multiplication in the gain region will 
occur and cause an increase in the multiplied dark current, compared to the initial 
value corresponding to unity gain, as is illustrated in Fig. 3.3 (b). Assuming that a δ-
shape-like photo-generated carrier distribution profile was initially built up close to 
the p-side depletion edge within the device and ignoring carrier diffusion, all photo-
generated holes will be immediately collected by the p-side contact and all electrons 
will move toward the n-side in the accelerating electric field, while keeping the δ-
like pulse shape. Those electrons will then generate secondary carriers and 
subsequent offspring in the multiplication region. All electrons will be collected at 
the n-side and all multiplied holes will move back to the p-side. A longer carrier 
transit path, from “A” to “A′” and then back to “B”, as shown in Fig. 3.3 (b), will 
reduce the APD bandwidth at low gains. All the initial photo-generated electrons, as 
shown in the graph, will take an average transit time τe=w/ve,sat to reach the 
multiplication region edge, where ve,sat is the saturated electron velocity in the 
absorbing region. Those carriers will then undergo multiplication in an average time 






secondary holes will then travel another time period, τh=w/vh,sat, before being 
collected by the p-contact layer. The total 3-dB bandwidth of an APD therefore can 























πτ 2 ,          (3.3) 
where ve,sat and vh,sat are saturated velocities of electrons and holes in the 
absorbing layer, and G⋅B is APD’s gain-bandwidth product. From (3.3) we can see 
that, even given an ideal multiplication material that has virtually an infinite G⋅B 
product, carrier feedback will cause the bandwidth of an APD to be lower than that 
of a p-i-n with an equivalent depletion layer thickness. 
As shown in Fig. 3.3 (c), carrier multiplication in the absorbing layer, even 
very slight, will generate longer carrier feedback loops. These carrier feedback loops 
between absorbing and multiplication regions not only increase the APD dark current 
level, degrade its bandwidth at low gains, but also corrupt its gain-bandwidth 
product. The net result, as can be easily imagined, is equivalent to a thick gain-region 
APD that has a higher excess noise factor value and an inferior gain-bandwidth 
product. This situation, therefore, is what an APD designer tries to avoid.  
Accordingly, optimization of the electric field profile in a SACM APD is 
tremendously important. One criterion is set by the upper limit of the electric field 
strength in the absorbing region, as has been already discussed. Also, for SACM 
APDs with a depleted absorber, the electric field strength in the absorbing region 
cannot be too low, for example, below 45 KV/cm [3-9]. Otherwise, holes in the 






the bandwidth. Typical carrier transfer characteristic of both electrons and holes in 















The criteria for optimizing the electric field profile in a SACM APD are 
better illustrated in Fig. 3.5, where the deep depletion approximation is assumed in 
all depleted active regions to simplify the illustration. Another issue in the SACM 
APD design is to properly adjust the charge layer doping level to get the desired 
electric field profile. From an epitaxial growth point of view, the charge doping level 
used for wafer growth is usually inconsistent with the calculated value. There are 
several reasons for this. For MBE grown wafers one cause is fluctuations of the Be 






flux. The Be doping level thus needs to be calibrated before each growth by using 
calibration samples. Practically, the charge layer doping level can be examined by 
measuring simple test devices from the dummy sample. Punch-through voltage 
measurements, which correspond to the voltage at which the depletion region edge 
reaches the absorption layer, can be used to determine the charge layer doping level. 
If, after testing dummy devices, no punch-through is observed, the charge doping can 
be inferred as too high and further SIMS analysis is recommended to quantify the 
doping level in the charge region. Once the punch-through can be observed and is 


















There are basically two ways to modify the total charge in APD charge layer to 
obtain an appropriate punch-through value and a satisfactory electric field profile in 
the device. The first way is to adjust the charge doping level while keep a fixed 













It is assumed that the doping levels in both the p- and n-contact layers are 
high enough, and the electric field is completely confined in the depleted absorption 
region after punch-through. We also assume that the background doping levels in the 
absorption region and the multiplication region are sufficiently low that the electric 
field profile is flat in all these regions. The punch-through voltages before and after 
charge doping modification, Vp and Vp’, respectively, may be expressed as  




















1 .                (3.5) 
The gradients of electric field strength in the charge layer before and after 






















=2 ,                    (3.6) 
The ratio of the punch-through before and after charge doping adjustment is 



























.                                   (3.7) 
This gives the following relation between the punch-through voltage and 
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The second way to correct the total charge amount is by modifying the charge 
layer thickness while keeping the original doping level. In this case, the field 
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The electric field strengths both in the absorbing region and the 
multiplication region can be individually optimized, either by charge doping level 
adjustment or by changing the thickness. For an APD with a very thin multiplication 
region, as in an ultra-high-speed (i.e. ≥40Gb/s) long-wavelength InGaAs/InAlAs 
APD or in an IIE APD structure, lower charge doping level is always preferred to 
avoid possible tunneling in the thin multiplication layer. For structures that require 
very high charge levels, increasing the charge by layer thickness is preferred. 
Accordingly, to obtain an adequate punch-through voltage in a high-speed (thin) 
SACM APD, the second option is usually preferred.  
 3.2 APD Optical Coupling Design 
3.2.1 Resonant-Cavity Avalanche Photodiode 
Similar to a vertical cavity surface emitting laser (VECSL) diode, the 
quantum efficiency of a thin-absorbing-layer photodiode may be greatly improved 
by using a resonant cavity. Through careful design of its position in a resonant 
cavity, multiple reflections cross the thin absorbing layer will significantly enhance 
the photoresponse of an APD. As shown in Fig. 3.8, alternating layers of high and 
low refractive index semiconductor materials grown on the substrate, with a 
thickness corresponding to 1/4 of the resonance wavelength of the cavity, form the 
bottom distributed Bragg reflector (DBR) with an extremely high reflection 
coefficient. Another DBR stack, either grown or deposited by evaporation above the 
absorption layer, forms another reflecting mirror with a moderate reflection 






resonance wavelength of the cavity, constructive interference will occur within the 
cavity. Normal incident light at the resonant wavelength undergoes multiple 
reflections across the absorbing layer. This results in almost complete absorption. As 
a result, the unity-gain external quantum efficiency can be greatly enhanced by this 































= ,                             (3.15) 
where α is the absorption coefficient, d is the cavity length, and R1 and R2 are the top 
and bottom mirror reflectivity, respectively.   
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3.2.2 Wave-guided Avalanche Photodiode 
Even though a F-P cavity can provide a high external quantum efficiency 
value for both lasers and photodetectors, the extremely narrow optical spectrum 
caused by cavity the resonance, which is quite desirable for most lasers, is not at all 
favorable for photodetectors. The application requirements and material growth 
issues require. Wide detection wavelength range is preferred for almost all types of 
photodetectors [3-11]. Another way to improve the external quantum efficiency for a 
thin absorbing layer APD is to absorb the light in a direction normal to the carrier 
transport direction. This type of structure, shown in Fig. 3.9, decouples the 
responsivity from the transit time component of the bandwidth. The absorbing layer 
can be thin, which gives a short transit time for the electronics and holes that travel 
normal to the epitaxial layers. The photons, on the other hand, travel in the plane of 
the absorbing region and can have a long optical path length, which enables high 
responsivity. Therefore, the APD bandwidth is only limited by the RC time constant 
and a difficulty for the electrical design is significantly relaxed. The photodiode 
structure itself is normally designed as a slab waveguide to confine the incoming 
light into a specific mode (single-mode type), or several modes (multimode type), as 
much as possible in order to maximize the light absorption in this specified 
absorbing region. To form this type of slab waveguide, a core (absorbing) layer with 
a high refractive index value is normally sandwiched between two low-index-value 
cladding layers, allowing light propagation only along the lateral direction of the 
device without dispersing into the other regions outside the absorber. In this type of 






than the device thickness. The external quantum efficiency of waveguide 
photodiodes, if properly designed, can be equal to that of conventional normal 
incidence devices or carefully designed resonant cavity structure [3-12].  In my 
40Gb/s telecommunication APD design, a novel waveguide structure is to be 
adopted to achieve both a high bandwidth and a good gain-bandwidth product to 



















3.3 APD Device Processing 
3.3.1 Processing Simple-mesa APDs 
To test an APD wafer quality, a simple device structure can be fabricated by 
etching mesas in order to provide device isolation between p- and n-type contacts. 
For most of the home-grown wafers this process usually starts with the backside 
Indium removal on a hot plate at an elevated temperature (200oC), This is, of course, 
not a necessary step for the Indium-free wafers. The next several steps consist of 
wafer surface cleaning by Acetone in an ultrasonic bath, followed by IPA and DI 
water rinsing. After coating with photo-resist (normally AZ5124, 4000rpm, 40 
seconds) and pre-baking (90oC, 10 minutes), mesa patterns are defined by photo-
mask alignment and exposure (0.8-1.0 minute), development (developer AZ 725, 20-
30 seconds), post-bake (120oC, 30 minutes), and wet-chemical etching in a 
phosphoric etchant (H3PO4:H2O2:H2O = 1:1:10) at room temperature while stirring. 
The etching rate was calibrated as 0.4~0.5 µm/min for InGaAs and InAlAs materials. 
Mesa passivation is followed in a Plasma-Therm PECVD chamber at an 
elevated temperature (285oC). A SiO2 film is used for device passivation under a 
deposition condition of N2O flow rate: 30sccm; SiCH4 flow rate: 1000sccm; 
background pressure: 100mTorr; RF power: 30Watts. The growth rate is calibrated 
to approximately 60 Å/min and a 2000 Å thick SiO2 film is normally used to obtain 
reliable device passivation. After mesa passivation, the top contact mask patterns are 
defined by a standard photolithography, as described above. After 10 minutes post-






Then the samples are loaded into the CHA chamber for Cr (200 Å)/Au (1000 Å) 
metal film deposition. Once the metal deposition is finished, the samples are 
unloaded from the CHA and then a lift-off step is performed in Acetone. Then the 
whole processing steps are repeated for the n-type contact metallization with a 
composite Ni (100 Å)/AuGe (400 Å)/Au (1000 Å) metal film, followed by a rapid 
thermal annealing (400oC, 40 seconds) step. 
This simple-mesa device processing only needs one mesa etching step, one 
passivation step, and two metallization steps. After that, simple-mesa-APD samples 
are ready for the DC, quantum efficiency, or the noise characterization. The cross-






























3.3.2 Processing High-speed APDs 
For a high-speed APD, since the active area of the APD is usually small 
compared to a simple-mesa APD for noise or for QE characterization, metal contact 
pads are usually necessary for high-speed testing or for further integration with an 
electrical amplifier. Consequently, the high-speed APD structure is usually grown on 
a semi-insulating substrate on which metal contact pads are fabricated to minimize 
the parasitic capacitance between them. These metal pads need to be in a planarized 
form for microwave probing. Most of the processing complexity comes from 
fabrication of the pads, for which either a polymer isolation technique or an air-
bridge based technology is used. The entire processing flow chart is shown in 
Fig.3.11 (a) to (f). 
3.3.2.1 P-type metallization and annealing 
Top contact metal is made using a SiO2-asisted lift-off process. A 2000 Å 
SiO2 film is deposited for this purpose. After definition of the p-metal patterns 
(where AZ5209 is preferred), wafers are dipped in a buffered oxide etchant prior to 
metal deposition to remove the oxide. To achieve a decent p-type ohmic contact, 1) a 
narrow bandgap p-cap layer should be used, which is usually heavily doped up to 
>1019 cm-3, and 2) a metal that has a large work function is preferred (such as Pt, Pd, 
etc.). While the valence band edge of In0.53Ga0.47As lies 0.25eV below the vacuum 
level (electron affinity energy) and 5.5eV for GaAs, and most metal work functions 









































High surface state densities will further make the p-ohmic contact formation 
difficult to achieve due to the surface energy pinning effect. A titanium (100 Å), 
platinum (300 Å), and gold (1000 Å) contact normally provides reasonably low 
contact resistance. Here the thin, low work function Titanium layer (φ=4.33) is only 
used for good adhesion; the real ohmic contact is formed when platinum (φ=5.65) 
has migrated to the metal-semiconductor interface after proper annealing.  
With adequate annealing, Palladium is another high work function metal for 
good p-type ohmic contact. An AuZn alloy could provide even lower contact 
resistance if properly deposited and annealed. This is attributed to the Zn diffusion 
from AuZn alloy into the In0.53Ga0.47As cap layer to form an extremely heavily-
doped region at the metal-semiconductor interface after annealing.  
Metal contacts are annealed in a rapid thermal annealing (RTA) chamber at 
an elevated temperature. The purpose is to alloy these as-deposited metal layers with 
the semiconductor surface to achieve low specific contact resistance. The RTA 
chamber is purged with dry nitrogen to avoid oxidation during annealing. The 
standard anneal condition for the Ti-Pt-Au contact is 420º C for 30 sec. The specific 
contact resistance is usually measured by the standard transmission line model 
(TLM) method. The above annealing condition yields a specific contact resistance -
9.6×10-6 Ω⋅cm2 for a Ti-Pt-Au contact on a heavily-doped p-type InGaAs cap layer, 
as shown in Fig. 3.12. The top contact metal sometimes is intentionally defined to 
extend to the mesa edge, as in the case of waveguide APD processing, to fulfill the 
so-called self-aligned metallization with respect to the mesa region. In this case, the 






performed prior to the mesa definition. Otherwise, the metal may flow over the edge 












3.3.2.2 P-mesa Etching 
In most cases, mesa patterns are defined using a standard photolithography. 
Either a wet chemical etch or an RIE can be utilized to define p-mesa patterns, on 
GaAs-based or on InP-based material systems. Since mesa etching will introduce 
defects and damage on mesa sidewalls, etching is an extremely important step in  
high-speed APD processing. To obtain APD devices that have the least dark current, 
etching conditions should be optimized. For this purpose, both wet chemical etching 
and RIE were studied and compared.  
Starting with wet chemical etching experiments, four different types of wet 






















chemicals; a buffered sulphuric acid, a buffered phosphoric acid, a bromine-
methanol solution, and a saturated bromine-water (SBW) solution were studied for 
their etching properties. The ingredients of the sulphuric etchant were sulphuric acid: 
hydrogen peroxide: DI water (1: 1: 8). The phosphoric etchant was composed of 
phosphoric acid: hydrogen peroxide: DI water (1: 1: 10). The bromine-methanol 
etchant was obtained by adding bromine into methanol with a volume ratio of 1:200. 
To obtain the saturated bromine-water solution, pure bromine was added into DI 
water and then stirred until the bromine was mixed uniformly in the water. Fig 3.13 
(a) through (h) shows the mesa morphology and DC characteristics obtained from 
the relevant devices, respectively. Even the device sidewall surface was very smooth 
after saturated bromine water solution, as shown in Fig. 3.13 (a), the sidewall was 
very steep and thus the electric field strength on the sidewall was the highest among 
all these four types of devices. The I-V measurement results were consistent with the 
SEM observations: devices etched with SBW solution exhibited severe early 
breakdown and excessive leakage dark current due to high electric field at the mesa 
edges. Mesa sidewalls with buffered H2SO4 solution also exhibited relatively higher 
dark currents at high biases due to rough sidewall surface generated by the etching. 
The best results came from the wet etch using the bromine-methanol solution and the 
buffered H3PO4 etchant. Mesa sidewalls were smooth and exhibited a bevel 
curvature; I-V curves exhibited both proper breakdown and low dark current levels, 
in comparison with that from the other two types of etching.  
For etching mesas on AlGaAs, GaAs, InGaAs, and InAlAs materials, a 






µm/min. To etch InP or InGaAsP mesas, however, a bromine-methanol etchant is 
preferred because buffered H3PO4 solution doesn’t attack InP and InGaAsP 
quaternaries. For this reason, an SiO2 film is normally utilized as an etching mask 
instead of the PR mask pattern, which is dissolved in methanol. The etch rate of InP 
in a 0.5% bromine-methanol solution is - 0.2 µm/min and will decrease over the 
course of minutes, due to evaporation of bromine into the air.  
Since most wet chemical etchings are isotropic, the under-cut should be taken 
into consideration during mesa etching. For very small mesas with dimensions less 
than 10×10 µm2, or for those critical dimensions that need to be accurately 
controlled, as in the fabrication of waveguide APDs where dimensions are very 
critical to the device’s responsivity, a reactive ion etch is usually preferred. Unlike 
the wet etching, RIE is basically an anisotropic process. Less undercutting of the 
mesa sidewalls occurs using a well-controlled RIE condition. For example, using a 
1:1 BCl3/SiCl4 gas mix at an RF power of 150 W, InGaAs/InAlAs layers are etched 
at the rate of 0.1 µm/min, which is comparatively slow in comparison with wet 
etching. It is even more detrimental that dry etching will cause more damages than 
the wet etch and thus create rough sidewall morphology on the mesa surface. 
Furthermore, the bevel shape is relatively steep, in comparison with wet etching, and 
the shape is hard to control during etching. As a result, a brief (≤30 sec.) wet etch of 
mesa patterns is normally necessary, following a RIE process, in order to form an 
acceptable bevel shape and polish the sidewall surface of device mesas, prior to the 
device passivation step. Fig. 3.13 shows a small mesa pattern fabricated with 






Fig. 3.13 (a) SEM picture of the mesa morphology after SBW etching 






Fig. 3.13 (d) SEM picture of the mesa morphology after H2SO4 etching 






Fig. 3.13 (e) Typical APD I-Vs after SBW etching 
Fig. 3.13 (f) Typical APD I-Vs after Br2-CH3OH etching 
Bias Voltage (V)



























































Fig. 3.13 (g) Typical APD I-Vs after H3PO4:H2O:H2O2 etching 
Bias Voltage (V)








































































sec.) wet etch of mesa patterns is normally necessary, following a RIE process, in 
order to form an acceptable bevel shape and polish the sidewall surface of device 
mesas, prior to the device passivation step. Fig. 3.13 shows a small mesa pattern 
fabricated with BCl3/SiCl4 dry etching followed by a buffered (1:1:10) H3PO4 
etchant cleaning. 
Furthermore, to obtain a high quality dry etching result the etching rate 
should be calibrated carefully and all the etching should be finished in a single run, 
otherwise the mesa sidewall profile will exhibit irregular shape due to multiple 
etches, as shown in Fig. 3.14 (b). This profile degradation cannot be recovered by 
further wet etching polish. The resulting rough sidewall profile will degrade both the 
breakdown and the dark current properties of an APD, due to similar reasons that 
have been discussed previously.  







3.3.2.3 Mesa Passivation  
Mesa passivation is a very critical yet very challenging process step in the 
APD fabrication. Poor passivation quality will also bring about a poor breakdown as 
well as high leakage current in an APD. The standard passivation is performed in a 
plasma-enhanced chemical vapor deposition (PECVD) chamber by depositing a thin 
layer of silicon dioxide to protect the mesa sidewall from contamination. The basic 
function of a silicon dioxide film is to terminate dangling bonds at the etched mesa 
sidewall surface; therefore, the samples should be loaded into the PECVD chamber 
as soon as mesa etching and cleaning are finished. Passivation is also essential for 
materials containing aluminum, such as AlGaAs or InAlAs, to prevent degradation 
over time due to oxidation. A 2000Å-thick silicon dioxide film, which appears dark 
gray in color, is usually quite enough to meet most mesa passivation requirements.   
3.3.2.4 Second Mesa Etch 
As has been discussed in section 3.3.2, a high-speed APD structure is usually 
grown on a semi-insulating substrate to avoid large parasitic capacitance between 
contact pads. Consequently, an epitaxial n-type contact layer, which is normally 
heavily doped to minimize the n-contact resistance, must be removed from beneath 
the contact pad area. For this purpose, a second mesa etch is performed down to the 
semi-insulating substrate to remove all the excessive n-contact layer area. Also, in 
the APD structure design, an unintentionally-doped thin sacrificial InAlAs layer  
(100-nm) is placed just between the n-contact layer and the SI-InP substrate to 






growth, which will further generate parasitic capacitance between contact pads.  
After finishing n-mesa pattern definition using standard photolithography, the 
silicon dioxide covering the n-mesa area should be removed prior to n-mesa etching. 
As the n-mesa is relatively large, a short chemical wet etch is quite adequate to 
remove the n-contact layer, which is normally less than a micron thick.  
3.3.2.5 N-type Metallization 
The next step after n-mesa definition is to deposit a silicon dioxide layer as 
the dielectric isolation between contact pads and SI-InP substrate. It was found from 
experiments that there exists leakage current between contact pads if they are 
directly deposited on a semi-insulating substrate. A silicon dioxide layer with a 
moderate thickness will provide good isolation between these contact pads, and, for 
this purpose, a 2500Å-thick SiO2 layer is deposited to fulfill pad isolation.  
N-type contact patterns are then defined by standard photolithography and 
contact windows are opened on the SiO2 layer. A Ni(20nm)/AuGe(30nm)/Au 
(120nm) metal film is then deposited and alloyed with the n+-type InAlAs contact 
layer by annealing samples at 400oC for 30sec to form reliable n-type ohmic 
contacts. The typical specific contact resistance, which is obtained by on-wafer TLM 
pattern measurements, is usually far below 1×10-6 Ω⋅cm2 and is much better than that 
of p-type contacts.    
3.3.2.6 Planarization (optional) 






substrate, with both p-type and n-type contacts available for I-V characterization. For 
most APDs fabricated on SI-InP substrates, the planarization step is negligible and 
the next step is contact pad formation, as per 3.3.2.7. For an APD structure grown on 
a conducting substrate, however, a BCB planarization step is required to provide 
better device isolation with low parasitic capacitance between pads. BCB is an 
organic polymer that is photosensitive (negative) and can be used for planarization. 
BCB is usually spin-coated on the sample and the film thickness is controlled by the 
rotation speed. Openings in the BCB film may be prepared by direct 
photolithography (as it is a negative resist). The samples then need to be cured in 
several steps to harden the BCB film; these curing process steps will reduce the BCB 
film thickness by roughly 30-50%. An oxygen plasma treatment is then required to 
have the opening area cleaned to guarantee reliable connects between ohmic contact 
metals and pads. 
3.3.2.7 Contact Pads 
The final step of the full-scale high-speed APD processing is to connect the 
deposited contact pads and ohmic metals using an air-bridge interconnect technique. 
A thick PR (AZ5330) is first applied and patterned with the air-bridge mask set, 
using either AZ725 developer, or using buffered AZ400K (1:4) in DI water. 
Openings on the p-mesa, which must be prepared before any further processing 
steps, are made either using BOE dip or dry etching (CF4+O2), after hard-baking the 
PR patterns. A decent bevel profile is formed at the PR sidewalls, using a hard-bake 






base of the air-bridge metal, completely covers the PR bevels without any cracks. 
Another photolithography step, using a 3-4µm PR (AZ5330, or a double-coated 
AZ5214), is applied on samples to define the final pad patterns for electroplating. 
The samples are then electroplated in a MICROFAB AU-100 gold-plating solution, 
which is provided by Enthone-OMI Inc., at 75oC for about 20min, for a sample 
having roughly a 1cm2 dimension. The resulting metal thickness is around 2µm after 
electro-plating. The final air-bridge interconnects, after lift-off in an ultrasonic bath, 
are then formed. A finished high-speed APD device, with the above full-scale 

















3.4 Avalanche Photodiode Characterization 
3.4.1 Current-Voltage and Capacitance-Voltage Measurements 
DC current-voltage measurements were conducted using a probe station and 
an HP4145B or a HP4162C Semiconductor Parameter Analyzer. Photocurrents and 
dark currents are measured at different bias voltages, and multiplication gains can be 











=                                               (3.16) 
where Iph,0 and Idark,0 are primary photocurrent and dark current measured at a 
fixed voltage above punch through where the APD gain is M0, and are used as a 
reference for further gain calculation; Iph and Idark are photocurrents and dark currents 
measured above the reference bias voltage. For a simple p-i-n structure APD, since 
punch through occurs, at low bias voltages, the unity gain (M0=1) reference is not 
difficult to determine. Usually a reverse bias of –2.0V is quite satisfactory as the 
unity reference for a simple p-i-n structure APD. For a SACM structure, however, 
the unity gain can be difficult to determine because the multiplication region 
provides gain prior to punch through if the punch-through is high. So the gain at a 
reference point (a bias voltage above the punch-through) was usually determined by 
comparing the measured external quantum efficiency with the theoretical value. The 
gains at various bias voltages above the punch-through, could therefore be estimated.   






HP4275A LCR meter; a diagram of this setup is shown in Fig. 3.16.  
The C-V measurement is basically used to examine the parasitic capacitance 
of a photodiode at a given reverse bias voltage. Sometimes the C-V measurement is 
also used to quantify the intrinsic region thickness, as in the case of the high-Al 
AlxGa1-xAs APD noise study in which unity-gain capacitance is obtained from the C-
V measurements of a series of APDs with different mesa areas, based on which the 
intrinsic layer thickness can be extrapolated. The punch-through voltage of a SACM 
APD, when its value is ambiguous as determined from the I-V measurements, can be 
determined by the C-V measurement. The APD capacitance is very sensitive to the 
reverse bias due to strong dependence on the depletion layer thickness. For a SACM 
device whose punch-through is difficult to determine by I-V measurements, C-V 
measurement is definitely an effective option. 






3.4.2 Excess Noise Measurement 
Excess noise measurement is performed using a HP8970 noise meter. 
Through a microwave probe arm, the noise signal is amplified with a low noise 
amplifier and is then fed into a HP8970 noise figure meter. The center frequency 
value (normally 30MHz) of the HP8970 is chosen so that ambient noise is 
minimized. An Argon and a He-Ne laser are used to provide optical power in the UV 
and IR regions, respectively. For the homojuction APD noise measurements, shorter 
UV wavelength (at 361/365nm) is required to insure that most of the absorption 
occurs in the p-type contact region so that the single carrier injection assumption is 
maintained. For the long-wavelength SACM APDs, however, a He-Ne (λ=1.55µm) 
laser is used to provide the incident signal. Only the InGaAs absorber will absorb the 
incoming light and single carrier injection is perfectly satisfied under this condition. 
The photo-response generated using a He-Ne laser is usually much higher than that 
from the UV laser because most of the photogenerated carriers can be collected. The 
































A high resolution Keithely current meter is utilized to measure both photo 
and dark currents, while a high-resolution digital voltage source is used to provide 













3.4.3 Quantum Efficiency Measurement 
The quantum efficiency is measured using a tungsten-halogen light source, a 
spectrometer, and a lock-in amplifier, as shown in Fig. 3.18.  
Measurement of normal incidence devices is straightforward. Since the 
optical output power of the tungsten-halogen source is low and the resulting 
photoresponse in the photodiode is weak, this light source is chopped at a frequency 
of - 200Hz and the photocurrent is detected using a Stanford Research SR850 lock-in 
amplifier. The position of the avalanche photodiode under test should be carefully 






adjusted to obtain maximum photoresponse. Then, at a specific reverse bias voltage 
above punched through, the photocurrents are measured in the wavelength range of 
interest. Without changing the optical path for the measurement, a calibrated 
germanium photodetector is loaded through which the photocurrent is maximized by 
adjusting the device’s position. The photocurrents are measured within the same 
wavelength range used for APD. The photocurrents of the APD and the Ge detector 
are compared and external quantum efficiencies of the APD can be derived from the 
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3.4.4 Speed Characterization 
The photocurrent frequency response for 10Gb/s APDs and focal-plane 
arrays is usually measured using a HP 20 GHz lightwave component analyzer, as 
shown in Fig. 3.19, at a small signal condition. Free space coupling is fulfilled using 
a lensed fiber, through which a long wavelength beam spot is focused, either on top 
of a mesa or from the backside, with a beam waist less than 10µm. The light 
intensity is controlled using a variable optical attenuator. Gain is monitored and 
calculated using a Keithly 2400 source/meter, at a fixed light intensity. Frequency 
responses can be obtained at different gains and different input light power levels, 
either by changing the APD bias or changing attenuation. The gain-bandwidth 



















A probe station has been modified to perform speed measurements both with 
front-side and backside illumination, with standard 50Ω GSG microwave probe tips. 
With this probe station, on-wafer bandwidth testing can be performed at a bandwidth 
up to 20GHz.  
For higher speed measurements, the bandwidths and gain-bandwidth products 
of  APDs are measured using a heterodyne system, as shown in Fig. 3.20. Free space 
coupling is necessary for waveguide devices in order to deliver the maximum optical 
incident power to achieve an adequate signal level for the measurement. Gain is 



















3.4.5 Sensitivity Characterization 
Sensitivity measurements are a critical part of characterizing an APD’s 
performance; the sensitivity eventually reflects the true APD performance in an 
integrated receiver. As shown in Fig. 3.21, the sensitivity setup is comprised of an 
electrical path and an optical path. In the electrical path, a frequency synthesizer is 
used to provide a time base for an Advantest 10Gb/s pattern generator, which 
provides coded electrical pulse trains for the BER testing. The output of the pattern 
generator is used to modulate the optical input signal for the integrated receiver 
through the amplification of a 10GHz modulator driver. The electrical output of the 
integrated receiver (DUT) was connected to an Advantest OC-192 error detector and 



















The optical source is a Santec tunable long-wavelength laser, as shown in 
Fig. 3.21, from which a CW mode, 1.55µm long wavelength signal is provided. 
After a polarization compensator, this CW light is modulated by an OC-192 pattern 
generator through a 12GHz Mach-Zender modulator, and is fed into a variable 
optical attenuator for power attenuation. One portion of the attenuator output is 
coupled to an optical power meter using a 3-dB directional coupler, the other 3-dB 
optical power is transmitted into the integrated receiver as input optical signal. The 
input optical power can be controlled by the variable attenuator and monitored by the 
optical power meter. Bit-error-rate at a specified data-rate, which is controlled by the 
frequency synthesizer, can thus be measured using the Advantest error detector.  
3.5 Summary 
In this Chapter, various types of photodetector structures and design methods 
were analyzed and compared. The SACM device structure was chosen for my high-
speed telecommunications APD and focal-plane APD array design. A normalized 
optical coupling scheme was adopted for both 10Gb/s telecommunications APDs and 
focal-plane APD arrays. Advantages of waveguide optical coupling scheme were 
also analyzed. The waveguide APD structure has been chosen for the 40Gb/s 
telecommunications APDs to obtain both an adequate responsivity and an ample 
operating bandwidth at a 40Gb/s data rate. An air-bridge based high-speed APD 
fabrication technology has also been designed and developed for high-speed 





Noise Study of AlxGa1-xAs APDs  
Photodiode sensitivity is one of the key issues in a long-haul fiber optic 
communication system, as has been discussed in previous chapters. An APD is 
frequently the photodetector of choice for “long-haul” applications because it usually 
provides 5 to 10 dB sensitivity improvement in an optical receiver, compared to a p-
i-n photodiode, due to its internal gain, which originates from carrier impact 
ionization. The multiplication region of an APD plays the central role in determining 
its overall gain, multiplication noise, and achievable bandwidth at high gain values in 
terms of the gain-bandwidth product. According to the local-field avalanche theory 
[4-1]-[4-7], both the multiplication noise and the gain-bandwidth product of an APD 
are determined by the ratio of electron and hole impact ionization coefficients. For 
most of the III-V compound materials, however, this ratio normally approaches unity 
at high electric field intensities. It has been shown that this condition results in poor 
device performance [4-4], [4-6].  
The impact ionization properties of GaAs/AlxGa1-xAs bulk materials and 
multiple quantum wells with low Al ratio have been thoroughly studied [4-8]-[4-12]. 
Recently, GaAs and AlxGa1-xAs (x≤0.4) APDs with thin multiplication regions have 
been studied and it was found that the multiplication noise decreases with decreasing 
thickness of the multiplication region [4-13]-[4-20], and gain-bandwidth product 
increases due to the same reason [4-21], [4-22]. However, the impact ionization 
properties of AlxGa1-xAs materials with high Al content (>60%) have not yet been 
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reported. It is thus very instructive to investigate the impact ionization and noise 
properties of AlxGa1-xAs APDs that have higher Al contents.  
4.1 APD Structure for Noise Study 
The device structure utilized for APD noise study is the simple p-i-n type, as 














There are basically three considerations for this device structure design: 1) 
the unity gain reference of a simple p-i-n structure APD is easier to determine than 
for the case of a SACM APD structure, 2) a homo-junction structure is preferable for 
the noise study because there exists no hetero-structure induced spatial modulation of 
carrier impact ionization events within the active region, which can change the 
Fig. 4.1 Illustration of the typical device structure for APD noise study 
p++:GaAs Cap 
p+: AlxGa1-xAs, Be: > 1×1019
i: AlxGa1-xAs 
n+: AlxGa1-xAs, Si: > 5×1018
n+: GaAs Substrate 
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overall excess noise of the APDs, and 3) simplicity in device processing is another 
important reason for using p-i-n device structures. Neither the bandwidth nor the 
quantum efficiency of this type of APD is a very critical issue both for gain and for 
noise study as long as an APD has a 3-dB bandwidth ≥ 300MHz, which is the 
maximum noise measurement frequency. APD gains are normally measured at DC 
bias condition. The APD excess noise is measured within a bandwidth of <290MHz, 
where a primary photocurrent of 10nA is quite ample to satisfy the sensitivity 
requirement of the whole noise measurement setup. All requirements for noise study 
can be easily satisfied using this simple type of APD structure.  
In GaAs and AlxGa1-xAs materials, the impact ionization coefficients of 
electrons (α) is greater than that of holes (β). Accordingly, pure electron initiated 
carrier multiplication is preferable to obtain the lowest multiplication noise in APDs. 
In order to ensure pure electron injection, the thickness of the absorptive p-layer 
needs to be much larger than the photon absorption length so that most of the 
incoming photons will be absorbed before they reach the gain (multiplication) 
region. On the other hand,  it beneficial to collect a high fraction of the photon-
generated electrons to ensure acceptable quantum efficiency for the noise 
measurement accuracy. This requires that the thickness of the p-region be 
comparable to the diffusion length of the electrons. It is always desirable to obtain 
both high quantum efficiency and a low mixed-injection ratio concurrently. This 
requires that the optical absorption length be much shorter than the diffusion length 
of the minority carrier. This can be done with an optical source that has a short 

















In my APD noise study, a CW UV-laser with dual wavelengths of 351 and 
363 nm was used. Fig. 4.2 shows the optical absorption coefficients of AlxGa1-xAs 
materials (x ratio from 0 to 0.8) in the wavelength range of 200-nm to 850-nm [4-
23]. For the Al0.9Ga0.1As, this number is between 10 and 20 µm-1 [4-24]. For GaAs 
and Al0.2Ga0.8As, a 1.5-µm-thick absorber was used because of relatively long 
electron diffusion length in these materials. For AlxGa1-xAs APDs with x from 0.4 to 
0.9, however, a 0.75-µm absorber was used due to shorter minority carrier diffusion 
length. The calculated photon absorption lengths and the photon leakage values of a 
given absorber thickness at wavelengths of 351 and 363 nm are listed in Table 4.1 
for various AlxGa1-xAs APD structures (x from 0 to 0.9).  
Photon wavelength (µm)

































Absorption coefficients of AlxGa1-xAs






4.2.1 Material Growth 
All the APDs for this study were grown on n+ (100) GaAs substrates in a 
Varian GEN-II MBE reactor. The nominal thickness of the intrinsic multiplication 
regions was 200-nm and 800-nm and the range of Al concentration was from 0 to 
0.9. The “i” region was unintentionally doped with an estimated n-type background 
doping concentration of ∼2 x 1015 cm-3. The “i” region was sandwiched between a 
Be-doped p+ layer on the top and a 200-nm-thick Si-doped n+-contact layer below. 
The p-contact layer thickness for all AlxGa1-xAs APDs (x from 0 to 0.9) is listed in 
Table 1. All contact layers were highly doped (up to >5 x 1018 cm-3) in order to 
confine most of the electric field in the intrinsic region. The high doping in these 
cladding layers, however, resulted in Be diffusion from the top and Si diffusion from 










photon leakage   
e-a0d 
GaAs 71.5 0.0140 1.5 2.6x10-47 
Al0.2Ga0.8As 72.9 0.0137 1.5 3.2x10-48 
Al0.4Ga0.6As 70.4 0.0142 0.75 1.2x10-23 
Al0.6Ga0.4As 60.4 0.0166 0.75 2.1x10-20 
Al0.8Ga0.2As 30.7 0.0326 0.75 1.0x10-10 
Al0.9Ga0.1As 10-20 0.1-0.05 0.75 
5.5x10-4 -
3.1x10-7 
Table 4.1 Photon absorption coefficients and the calculated absorption 
lengths in AlxGa1-xAs (x from 0 to 0.9) materials 
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value. To compensate for this, the intrinsic region thickness was checked either by 
SIMS or by C-V measurements. Initial SIMS results indicated beryllium diffusion 
from the  p-contact layer into the intrinsic region during MBE growth. Further results 
revealed that beryllium diffusion was more serious for high Al content material, 
which can be attributed to the larger diffusion length of Be-dopant in the larger 
lattice constant high Al content AlxGa1-xAs alloys. Typical SIMS results for the high-
Al-content APD structures are shown in Figure 4.3. In addition, Auger electron 
spectroscopy (AES) measurements were employed to verify the Al concentration for 
the high Al content APD devices. The AES results showed that the concentrations 



































Fig. 4.3 Beryllium diffusion in the 90% AlxGa1-xAs APD structure 
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4.2.2 Device Processing 
Good p-type ohmic contact was insured with a top layer of 30-nm-thick, 
heavily Be-doped (> 1019 cm-3) p+ GaAs. Device mesas with a diameter of 100 µm 
were formed using standard phosphorous wet-chemical etching. The ohmic contacts 
were patterned with a standard photolithography and lift-off process. Au-Cr served 
as the p-contact and Ni-AuGe-Au was used as the n-contact. In order to facilitate 
microwave probing and minimize the contact resistance, the n-contact covered the 
whole surface of the wafer except the mesa areas. Fig. 4.4 shows a top-view of a 


















As has been discussed in section 4.2, pure electron injection was achieved 
with a stable continuous-wave (CW) Argon UV laser that has two lines at 351 nm 
and 363 nm. The light beam was carefully focused onto the top of the mesa via a 10× 
UV microscope objective and an iris was placed in front of the lens to shield all but 
the central light beam. According to the published absorption coefficient data for 
AlxGa1-xAs [4-23], [4-24], we estimate, as detailed in Ref. 19, that the ratio of hole 
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#3966, 0%, Photo 
#3966, 0%, Dark 
#3924, 20%, Photo 
#3924, 20%, Dark 
#4575, 40%, Photo 
#4757, 40%, Dark 
#5298, 60%, Photo 
#5298, 60%, Dark 
#5290, 80%, Photo 
#5290, 80%, Dark 
#4880, 90%, Photo 
#4880, 90%, Dark 
Fig. 4.5 Typical APD I-Vs of the 800-nm-thick AlxGa1-xAs APDs (x from 0 to 0.9)
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The photocurrent and dark current of all the AlxGa1-xAs APDs with various 
multiplication regions were measured with a HP4145B semiconductor parameter 
analyzer, as shown in Fig. 4.5. Very low dark current density (<2×10-6 A/cm2) at 
90% of the device breakdown was consistently found for the APDs with higher Al 
ratio (>0.4). For very wide Eg even generation-recombination current is small 
because most of the effective traps are located near mid gap.  
As a result of the bias-dependent collection efficiency, the I-V characteristic 
of the Al0.9Ga0.1As device at low bias was not flat. This can lead to overestimation of 
the gain and thus an underestimate of the measured excess noise and the estimated k 
value. The gain has been “corrected” downward by a simple linear approximation 
between applied bias and primary photocurrent [4-25]. By fitting the measured 
photocurrent at low bias region we can extract the fitting parameters and calculate 
the corrected multiplication gain values at each bias voltage for the Al0.9Ga0.1As 
APDs. For all the other devices the correction was negligible. 
The noise power spectral density of the APDs was measured with an HP 
8970B noise figure meter that can be programmed to operate at different center 
frequencies and bandwidths. The environmental noise was reduced by probing the 
devices with a shielded microwave probe. The noise of the circuit after the 
photodiode was normalized using a standard calibrated noise source to maintain the 
accuracy and consistency of the measurement. Plots of the extracted excess noise 
factors versus the gain for AlxGa1-xAs APDs with different Al mole fractions (0.1 to 
0.9) are shown in Fig. 4.6 (a) and Fig. 4.6 (b) for thick and thin multiplication 
regions, respectively. For reference, the dashed lines show the calculated excess 


































































Fig. 4.6 APD noise of the (a) 800-nm-thick and (b) 200-nm-thick AlxGa1-xAs APDs 





4.3 Results and Discussion 
Table 4.2 shows the fitted k values from the extracted excess noise factors for 
all the AlxGa1-xAs APDs using the local-field model. The nominal k values were 
obtained with a least squares fit to the local field expression for F(M) [4-3]. The 
measured thickness (SIMS and/or C-V) of the “i” regions are shown below the k 
values. Here we do not suggest that the k values represent the actual ratios of the 
ionization coefficients, particularly for the thin samples. The k values do, however, 
provide a widely recognized figure of merit for evaluating the excess noise. For the 
thick GaAs APDs, a good fit to the data is obtained with a k value of 0.48, which 
agrees with the results reported by Ando and Kanbe (k=0.4-0.6) [4-26] and by 
Bulman et al. (0.6) for bulk GaAs [4-27]. For AlxGa1-xAs with different Al 
concentrations (from 0.2 to 0.9), the fitted k values decrease with increasing Al 
concentration. The decrease in multiplication noise is particularly significant for 
x≥0.8. These results are somewhat at variance with those of V. M. Robbins et al., 
who reported that k is relatively constant for AlxGa1-xAs (0.1≤x≤0.4) [4-8]. Their 
conclusion was based on the observation that at the high electric field intensities that 
are required for impact ionization, the electrons have sufficient energy to scatter 
freely into X and L valleys, which results in relatively uniform distribution 
throughout the Brillouin zone. They concluded that changes in the relative positions 
of the energy band minima (caused by Al mole fraction change) do not significantly 
alter the scattering environment and thus no obvious changes in the ratio of the 
electron and hole impact ionization coefficients would be expected. However, as 
listed in Table 4.2, we observe a decrease in k of approximately 40% as x increases 
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from 0 to 0.6 and k drops to k<0.1 for Al0.9Ga0.1As. These results indicate that the 
energy band structure may influence impact ionization and the multiplication noise 
in AlxGa1-xAs APDs. The diffusion from the p+ and n+ layers during growth was 
greater for Al0.8Ga0.2As and Al0.9Ga0.1As APDs which made their “i” regions thinner 
than the lower Al-content devices. Nevertheless, it can be seen in Table 4.2 that for 
the thick high-Al-content APDs, the excess noise (k value) is much lower than that of 
APDs with equivalent thickness of GaAs. 
 



































a Intrinsic region thickness measured by SIMS. 
b Intrinsic region thickness measured by C-V technique. 
c See Ref. 19. d See Ref. 15. e See Ref. 25. f See Ref. 14. 
 
 
The measured excess noise factors versus gain for AlxGa1-xAs APDs with 
thin multiplication regions are shown in Fig. 4.6(b). As expected, the excess noise 
factors also decreased with increasing Al concentration, as was observed for the 
Table 4.2 Excess noise in the AlxGa1-xAs (x from 0 to 0.9) APDs 
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thick samples. Consistent with previous reports [4-14]-[4-17], [4-19], the non-local 
characteristics of impact ionization yields lower noise in all of the thin APDs 
compared to the corresponding thick devices. For the Al0.9Ga0.1As APDs, even after 
correction for bias-dependent injection efficiency, the excess noise is below the 
k=0.1 reference curve. Further, it appears that the excess noise of Al0.9Ga0.1As APDs 
does not change significantly with the i-region thickness, in contrast to what has 
been observed for lower Al concentration (x<0.9). The fitted k value of Al0.9Ga0.1As 
APDs is the lowest (<<0.1) among all the AlxGa1-xAs samples, as shown in Figure 
4.6. Low excess noise phenomenon observed from high Al content AlxGa1-xAs APDs 
was further corroborated by the results reported from the other group [4-28], [4-29].  
4.4 Summary 
In short summary, I have shown that the multiplication noise of an AlxGa1-
xAs homojunction APD (with x from 0.0 to 0.8), at a given multiplication gain value, 
decreases as the multiplication layer thickness decreases due to more pronounced 
non-local impact ionization effect. I have also shown that at a given multiplication 
gain the excess noise of an AlxGa1-xAs homojunction APD decreases with the 
increasing Al content due to larger differences of the impact ionization coefficients 
of electrons and holes. The devices with high Al content (x≥0.8) exhibit particularly 
low noise. Al0.9Ga0.1As APDs with thin multiplication regions (140nm) exhibit even 






Temperature Dependence of Impact 
Ionization in AlxGa1-xAs APDs 
The GaAs-based material systems have been the focus of greatest interest 
for semiconductor device research, both for optoelectronics and microelectronics 
applications. In the optoelectronics area, GaAs-based materials have been served as 
the platform for the 980-nm related optoelectronic components, such as lasers 
(especially the VECSEL type). Excellent device performance, aided by the freedom 
of choices of both bandgap energy and band structure from GaAs-based material 
systems, which are indispensable for the optoelectronic devices, can be obtained. 
For example, AlxGa1-xAs APDs with high-Al ratios exhibited extremely low 
multiplication noise that is comparable to that of silicon APDs, as has been 
discussed in the previous chapter. In the microelectronics area, high power 
performance of GaAs heterojunction bipolar transistors (HBTs) is exclusively 
advantageous over that achievable from other types of materials. However, HBT 
high power performance is strongly affected by carrier impact ionization in the 
base-collector junction region, where the electric field strength is usually very 
strong and the junction temperature is high. Wide applications of AlxGa1-xAs 
materials in microwave and millimeter-wave power devices require a thorough 
understanding of their avalanche properties. Since the carrier impact ionization 
process depends strongly on temperature, it is very instructive to investigate the 
impact ionization properties of the GaAs-based material [5-1]-[5-5] over a larger 
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temperature range to understand the physics of impact ionization in AlxGa1-xAs 
materials and devices.  
5.1 Experiment  
Owing to good lattice match to GaAs substrates, AlxGa1-xAs is almost an 
ideal material system for the device physics study. The aluminum ratio, x, can be 
adjusted continuously from 0 to 1.0 without sacrificing any crystal quality induced 
by the lattice-mismatch. Both the bandgap energy and the band structure of AlxGa1-
xAs material can be tailored, by merely changing the aluminum ratio x, to the 
required value. In this study, a series of homojunction AlxGa1-xAs APDs with 
different aluminum ratios (0-0.9) and with a nominal multiplication region 
thickness of 0.8 µm, which have been thoroughly studied for their multiplication 
noise at room temperature, were further investigated for temperature dependence of 
their impact ionization coefficients.  
Prior to the temperature dependence study, all the finished AlxGa1-xAs 
APDs were carefully measured using a HP4145B semiconductor parameter 
analyzer. Devices with good I-V characteristics were then selected for further 
temperature dependence characterization. In order to control the device 
temperature, all these devices were mounted on a thermoelectric heater and the 
temperature was monitored using a thermal-couple close to the devices under test. 
Two stable continuous-wave (CW) lasers, a YAG laser (5mW, λ=532 nm) and an 
Argon UV laser (500mW, λ=351 nm and 363 nm), were employed in the I-V 
measurements in order to control the optical absorption length. For AlxGa1-xAs 
APDs with x ratio up to 0.4, a YAG laser provided good single carrier injection, 
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which has been corroborated by room temperature noise measurements, as 
discussed in Chapter 4. For APDs with higher aluminum ratios, a UV laser was 
used to achieve pure single carrier injection in the p-type absorber. In order to 
avoid mixed carrier injections at the mesa sidewall, the light beam was carefully 
focused onto the top of the device mesa via a microscope objective, in front of 
which an iris was placed to shield all but the central beam. A small focal spot and a 
large working distance were obtained for the 532-nm beam with a 40x Zeiss 
objective. A 10x UV objective was essential to alleviate the insertion loss in the 
UV region.  
All these APDs were then measured at low temperatures, from room 
temperature down to below 20K. A Janis ST-100 liquid-helium cryostat was used 
for the device measurements below 80K and a Janis 6DNT liquid-nitrogen cryostat 
was used for the measurements between 80K and room temperature. The dark 
currents were measured using a HP4145B, which was connected with the standard 
BNC cable to the cryostat. For the photocurrent measurement, a white light source 
was used to avoid the difficulty of coupling the UV light into the cryostat. All these 
devices measured achieved maximum multiplication gains ≥20 at different 
temperatures.  
5.2 Parameter Extraction 
Through the I-V measurements, pure electron injection initiated device 
breakdown voltages and multiplication gains over a wide temperature range were 
obtained, using the standard measurement techniques described in Chapter 3. The 
noise power spectral density was measured at 50 MHz with a bandwidth of 4 MHz 
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using a HP 8970B noise figure meter, at room temperature and above. In order to 
eliminate the environmental noise and any signal resonance in the transmission 
line, the devices were contacted with a shielded microwave probe. The noise of all 
the components following the photodiode was carefully calibrated and normalized 
with a standard noise source. This calibration step is essential because the 
impedance and the contact resistance may vary from device to device, especially 
over a wide temperature range. The avalanche noise power density was measured 
as a function of gain both under illumination and in the dark. The ionization 
coefficient ratios (k values) can thus be obtained by fitting the excess noise curves 
with the multiplication gains.  
The impact ionization coefficients of AlxGa1-xAs APDs (x≤0.4, which is the 
normal range of most HBT applications) [5-6] were extracted using a unique 
method, as was initiated by G.E. Stillman et al [5-1], in which APD multiplication 
gains under pure electron injection and hole injection were compared and the 
impact ionization coefficients were thus derived. There were basically two reasons 
for developing this new method for ionization coefficients measurements. Since the 
two gain curves (for electrons and holes) are quite close to each other at high 
electric field intensities and the extraction of the coefficients depends on the 
difference between the two, the accuracy of the final result is subject to the 
influence of many factors in the experiment. In order to avoid deviations caused by 
variations in crystal growth, it is preferable if the two gain curves can be measured 
on the same device. This requirement can be satisfied with heterojunction 
structures, however, this often results in a higher-than-zero punch-through voltage, 
which, in turn, makes it difficult to determine the unity-gain reference. It is in this 
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context that noise measurements under pure electron injection were used to 
determine the ionization coefficients of electrons and holes for the case where the 
local-field avalanche theory is effective. 
According to local-field theory [5-7]-[5-13], in a homojunction APD, the 
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Although this theory fails to accurately model the noise when the multiplication 
region is thin (<0.5 µm) [5-14]-[5-22], it is still useful for analyzing the 
characteristics of relatively thick device structures. Since the ionization coefficient 
(α(E)) of electrons is greater than that of holes (β(E)) in AlxGa1-xAs, these device 
structures have been designed to ensure that essentially all of the incident photons 
are absorbed in the top p layer, which provides pure electron injection into the 
multiplication region. For a narrow range of electric field intensity, the ratio of α 
and β can be treated as a constant k=β/α. Under these conditions, the gain can be 













                              (5.2) 
Since the electric field range in which an avalanche diode has appreciable gain is 
relatively narrow, the constant-ionization-coefficient-ratio approximation is quite 
reasonable. Combined with the gain curve obtained from the I-V measurement, the 
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α                                        (5.3) 
αβ ⋅= k                                                       (5.4) 








AE hch −⋅=β                                           (5.6) 
where E is the electric field and Ae, Ah, Ec,e and Ec,h are empirical constants.  
5.3 Discussions 
5.3.1 High Temperature Situation 
In essence, an APD’s gain originates from the electron-hole pair generation 
resulting from impact ionization in the high electric field region. However, various 
scattering mechanisms in the semiconductors impede carriers gaining energy from 
the applied electric field through energy transfer to the lattice vibration. Eventually 
a balance between energy gain (from electric field) and loss (to the lattice) will be 
established. Even though several scattering mechanisms contribute to this process, 
phonon scattering will ultimately dominate due to strong interaction between 
carriers and the lattice vibration. The average carrier’s free path length (l) and the 























τ                                          (5.8) 
where m is the carrier mass, cl is sheer transverse modulus, ∈d is the dielectric 
constant, kB is Boltzman constant, and T is temperature in Kelvin. As temperature 
increases, the free mean path length of carriers will decrease as a function of T-1, 
which means that carriers are scattered more frequently at elevated temperatures. 
Through I-V measurements at various temperatures, the dark currents were 
consistently found to increase with the increasing temperatures for all AlxGa1-xAs 
APDs with x from 0 to 0.9.  Fig. 5.1 shows a typical set of measured photocurrent 
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Fig. 5.1 Photocurrents/dark currents of an 800-nm-thick GaAs APD at 
elevated temperatures (27oC to 125oC) 
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The excessive dark current at elevated temperatures is due to enhanced thermal 
carrier generation rate in the depleted “i-region”, which is strongly dependent on 






















Fig. 5.2 (a)-(f) Gain and breakdown temperature dependence of AlxGa1-xAs APDs
Electric Field (V/cm)








































































































































As a result of increased phonon scattering rate at high temperatures, both an 
APD’s gain and breakdown voltage exhibit a dependence on temperature, as shown 
in Fig. 5.2 (a) through (f) for six different types of APDs. Owing to the intrinsic 
region thickness shrinkage caused by beryllium diffusion, as has been discussed in 
Chapter 4, the normalized breakdown electric field was used in the plots rather than 
the breakdown voltage. All AlxGa1-xAs APD breakdowns were measured at 
elevated temperatures, from 298oK to 398oK, and were fitted with the first order 
approximation using the following linear equation: 
)()( OBROBR TTVTV −+= β , where KT
o
O 300=                          (5.9) 
The fitted temperature coefficients for AlxGa1-xAs APDs with various Al-contents 
were extracted and found to be in the range 19 mV/oK to 15 mV/oK, with a slight 

































00% AlGaAs, β=0.018 V/oK
20% AlGaAs, β=0.016 V/oK
40% AlGaAs, β=0.016 V/oK
60% AlGaAs, β=0.016 V/oK
80% AlGaAs, β=0.015 V/oK
90% AlGaAs, β=0.015 V/oK
Fig. 5.3 Temperature coefficients of breakdown electric fields of AlxGa1-xAs APDs
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This decrease of temperature coefficients as a function of increasing Al-content 
might be attributed to the increasing bandgap energy and the transition from direct 
to indirect band structure.   
APD multiplication noise was also measured from room temperature up to 
125oC, and the relevant k values were fitted using the method introduced in Chapter 
4, as shown in Fig. 5.4. Even though the breakdown voltages were found to 
increase with increasing Al-content, the multiplication noise was relatively 
constant. Variations were within the error bars of the measurement. This can be 
explained as follows: even though the ionization coefficients of both electrons and 
holes increase with the increasing temperature, the relative value of these 






































Fig. 5.4 Temperature dependence of AlxGa1-xAs APD multiplication noise 
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Due to increased phonon scattering, the acceleration of carriers becomes 
less effective at higher temperatures. As a result, the mean free path between 
ionization events and thus the gain at a fixed reverse bias voltage decreases with 
the increasing temperature. On the other hand, as indicated by the experimental 
results, the ionization coefficient ratios of GaAs and AlxGa1-xAs do not change 
significantly as temperature increases. Therefore, as shown in Fig. 5.5 (a)-(c), the 
ionization coefficients of AlxGa1-xAs (x from 0.0 to 0.4) generally undergo a slight 













The temperature dependence of the ionization coefficients of GaAs has been 
reported and widely cited by F. Capasso et al. in 1977 [2] and by V. M. Robbins et 
al. in 1988 [4-6].  
Fig. 5.5 (a) Temperature dependence of impact ionization coefficients 







Fig. 5.5 Temperature dependence of impact ionization coefficients (electrons: 





Table 1 the ionization coefficient parameters extracted using equation (5.6) and 
(5.7). Table 2 compares parameters of GaAs material extracted from the present 
work (c) with those obtained by Capasso etal. (a) and Robbins etal. (b). It should be 
noted that there are significant differences in the material growth methods, device 
fabrication techniques, device structures, and measurement techniques employed in 
this work and those of Capasso et al and Robbins et al.  
 









29 1.94 1.58 0.85 1.58 
50 1.73 1.58 0.76 1.58 
75 0.291 1.03 0.134 1.03 
100 3.16 1.83 1.42 1.83 
GaAs 
125 3.44 1.90 1.58 1.90 
29 3.17 2.10 1.68 2.10 
50 4.34 2.25 2.21 2.25 
75 8.17 2.52 4.25 2.52 
100 2.99 2.17 1.41 2.17 
Al0.2Ga0.8
As 
125 4.83 2.38 2.41 2.38 
29 2.49 2.37 0.897 2.37 
50 3.83 2.59 1.34 2.59 
75 2.70 2.46 0.892 2.46 
Al0.4Ga0.6
As 
100 3.21 2.58 1.09 2.58 
 
 
Capasso etal. reported the measurements of ionization coefficients of GaAs 
from 29oC to 250oC. They investigated the ionization coefficients of GaAs by 
means of abrupt P+N homojunction diodes (p ≈ 2×1018 cm-3 and n ≈ 2×1018 cm-3, 
respectively) at a wavelength of 633 nm and impact ionization region greater than 1 
Table 1 Parameters of the ionization coefficients in AlxGa1-xAs (x = 0.0, 0.2, 0.4) 
within temperature range from 29oC to 125oC. 
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µm thick. They observed that the ionization coefficients of holes and electrons 
decrease with increasing temperature as a result of increased phonon scattering. 
They reported that the ionization coefficient of electrons and holes were 
approximately equal with β slightly greater than α, and that the k factor was 
relatively insensitive to the temperature change.  
 
 29 oC 100 oC 150 oC 200 oC 250 oC 
α (1041/cm) 3.0 2.1 1.55 1.5 1.3 
β (1041/cm) 3.2 2.4 2.0 1.4 1.0 
 
 
 27 oC 77 oC 117 oC 157 oC 192 oC 
α (1041/cm) 4.0 3.2 2.8 2.9 3.0 
β (1041/cm) 3.4 2.8 2.2 2.0 1.9 
 
 
 29 oC 50 oC 75 oC 100 oC 125 oC 
α (1041/cm) 6.5 6 4.5 4.0 4.0 
β (1041/cm) 2.9 2.5 2.1 2.0 1.9 
 
 
The results presented here are in better agreement with those of Robbins et 
al, both the temperature dependence of the ionization coefficients of GaAs within 
the temperature range from 29oC to 125oC and the ionization coefficients of 
AlxGa1-xAs (with x from 0.0 to 0.4) at room temperature. Also, the temperature 
dependence of hole ionization coefficients agrees fairly well with those of Robbins 
Table 2 (a) GaAs parameters extracted by F. Capasso et al. 
Table 2 (b) GaAs parameters extracted by V. M. Robbins et al 
Table 2 (c) GaAs impact ionization coefficient parameters extracted in this work 
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et al. The decrease of ionization coefficients with increasing Al concentration 
reflects the increase in the band gap and hence an increase in the threshold energy 
for impact ionization. The ionization coefficients of AlxGa1-xAs exhibited the same 
temperature trends as those of GaAs. From the present results we conclude that 
while the ionization coefficients of GaAs and AlxGa1-xAs (0 ≤ x ≤ 0.4) decrease 
with increasing temperature, the temperature dependence in the range 29oC to 
125oC is not strong and the k values are relatively constant.  
5.3.2 Low Temperature Situation 
From the low temperature measurements, the critical breakdown field of all 
AlxGa1-xAs APDs was found to decrease monotonously with the decreasing 
temperature, due to longer carrier mean free time at lower temperatures. The 











 Fig. 5.6 Temperature dependence of breakdown electric field of AlxGa1-xAs APDs
Temperatures (oK)






























The breakdown voltages were found, however, to saturate at fairly low 
temperatures below 20K, as shown in equation (5.10). This result was consistent 
with what has been reported by David et al [5-23]. This phenomenon can be partly 
explained by strong temperature dependence of the phonon scattering mechanism. 






















The phonon emission rate is proportional to <nq>+1 whereas the phonon 
absorption rate is proportional to <nq>. Both the phonon emission rate and the 
phonon absorption rate, which are proportional to <nq>, decreased to zero as the 
temperature, T, approached close to absolute zero. At extremely low temperatures 
the remaining scattering was only dominated by the spontaneous emission, which is 
Fig. 5.7 Normalized breakdowns of AlxGa1-xAs APDs 
Temperatures (oK)














not temperature dependent. As a consequence, the phonon scattering rate saturates 
at low temperatures and so does the critical breakdown electric fields.  
5.4 Summary 
Breakdown voltages, multiplication noise, and impact ionization 
coefficients of AlxGa1-xAs APDs with Al ratios from 0.0 to 0.9 were observed in 
the temperature range from <20K to 398K. The avalanche breakdown voltage 
increased with increasing temperature but the excess noise factors were relatively 
insensitive to the temperature (from 298K to 398K), for various electric field 
intensities in the range of 2.5 × 105 V/cm to 5.0 × 105 V/cm. The ionization 
coefficients of electrons and holes were also extracted from the noise and gain 
measurements for AlxGa1-xAs APDs with Al ratios from 0.0 to 0.4. As expected, 
impact ionization coefficients of both electrons and holes decrease with increasing 
temperature. Low temperature (room temperature down to <20K) investigation 
showed that the critical breakdown electric field of various AlGaAs APDs at fairly 
low temperatures is only dominated by the phonon scattering that is related to the 







Long-Wavelength APDs Implemented 
by Direct Wafer Bonding 
As discussed in previous chapters, avalanche photodiodes have been the 
favored candidate for optical communication applications, due to their internal 
avalanche gain. The primary figures of merit for APDs in fiber-optic systems are 
excess noise factor and gain-bandwidth product. Low noise and high gain-bandwidth 
product APDs can be achieved by using a gain region that has one of the following 
properties: (1) either the electron (αi) or the hole (βi) ionization coefficient is much 
greater than the other, (2) the multiplication layer is reasonably thin, (3) an impact-
ionization-engineered hetero-structure is incorporated into the multiplication region 
[6-1]-[6-12].  
From the material system point of view, high-speed APDs for optical fiber 
transmission systems have been exclusively fabricated on InP-based materials, 
because In0.53Ga0.47As, which is lattice-matched to InP substrates provides strong 
optical absorption in the wavelength range of 0.9µm≤ λ≤1.7µm. Based on this, 
various types of compound materials, such as InAlAs, InAlGaAs quaternaries and 
InAlAs/InAlGaAs super-lattice structures, have been thoroughly studied in order to 
obtain low excess noise and high gain-bandwidth. The best gain-bandwidth product 
result of 320 GHz was achieved using an InGaAs/InAlAs waveguide APD structure 
and a 150nm thin ternary InAlAs multiplication region. The excess noise factor was 





InAlAs multiplication regions, however, will lead to unacceptable high leakage 
(tunneling) current levels in APDs, even though it has been theoretically proven that 
a thinner gain region will yield a higher G-B product and lower multiplied (excess) 
noise. 
As discussed in Chapter 4 GaAs based materials the multiplication noise of 
AlxGa1-xAs homojunction APDs decreases with increasing Al mole fraction. Thin 
AlxGa1-xAs APDs with high Al content (≥90%) exhibited very low multiplication 
noise comparable to that of Si APDs [6-14]. By means of impact-ionization-
engineering, the multiplication noise of GaAs/AlxGa1-xAs APDs can be further 
decreased to below that of Si APDs [6-15]-[6-17]. It is thus very attractive to 
integrate these low noise APD structures with the long-wavelength absorbing 
In0.53Ga0.47As to obtain APDs that have higher gain-bandwidth products and operate 
in the wavelength range of λ=1.3~1.55µm. Lattice mismatch has prevented direct 
integration of In0.53Ga0.47As into GaAs-based APD structures, due to the large 
number of threading dislocations introduced during epitaxial growth, which will 
cause extremely high APD leakage current level. Wafer-bonding technology, on the 
other hand, might provide an alternative to circumvent the difficulty of direct 
epitaxial growth [6-18].  
Direct wafer bonding between III-V compounds, which was initiated in 1989, 
has already been successfully utilized in many optoelectronic device applications [6-
19]-[6-23]. A long-wavelength APD has been demonstrated based on InGaAs/Si 
bonding interface by Hawkins et. al. [6-24], but the possibility of using complete III-
V compound wafer bonding for APDs had never been examined. The need for long 





research on direct wafer bonding, in which an InGaAs absorber is integrated with an 
AlGaAs avalanche gain region to demonstrate long-wavelength absorption on GaAs 
substrates. 
6.1 Direct Wafer Bonding 
For each specific material system, nature has dictated a set of physical 
properties, such as optical absorption coefficient, carrier mobility, etc.. The optimal 
properties, which are necessary for a specific application, might reside in a variety of 
disparate materials, as in my APD studies, in which long wavelength absorbing 
materials usually do not have good impact ionization properties, and vice versa. The 
lattice constant of each material is different from the others, and dislocations will 
form if one is grown on the other, either by MBE or by MOCVD, due to stress 
generated by lattice mismatch. This type of stress will be relaxed if the epi-layer 
thickness is within its critical limit, and no threading dislocation will be formed. 
However, a large density of threading dislocations will form if the epitaxtial layer 
thickness exceeds its critical limit. The epi-layer will even crack if the stress 
generated by the lattice mismatch is too high. Alternatively, dislocations resulting 
from wafer bonding are usually formed and localized in the vicinity of the bonded 
interface (within a few angstroms) and do not propagate into the bulk region if 
samples are annealed properly. No threading dislocation will form as a result, as 
sketched in Fig. 6.1. This characteristic of wafer bonding is very important to the 
APD application because elimination of threading dislocations is critical for 





Fig. 6.1 Illustration of defect formation in a lattice-mismatched wafer 
structure by epitaxial growth (a) ~ (c) and by wafer bonding (d) 
Structure
Substrate 
(a) Before growth 
(b) After growth, within critical thickness 
Structure, w/ compressive strain
Substrate 










 The material systems used for my study are based on InP (lattice constant a0 
= 5.8687 Å) and GaAs (a0 = 5.65325 Å) substrates. Due to large lattice mismatch 
(>3.6%) at room temperature, a very high density of volume dislocation and stacking 
faults will be formed in the epi-layer when directly grown by epitaxy. These can be 
observed by cross-sectional transmission electron microscopy (TEM) [6-20]-[6-21]. 
For example, a dislocation density of 2×1010 cm-2 was observed close to the interface 
when a GaAs epi-layer was grown on an InP substrate [6-20]. Using direct wafer 
bonding, however, the lattice mismatch can be accommodated by the edge 
dislocations that are localized at the bonding interface, especially when post 
annealing is executed after initial wafer bonding. Only small damage in the epi-layer 
can be observed [6-20]. This has been demonstrated by previous studies [6-19]-[6-
23], and no indication of dislocation propagation into the bulk epi-region has been 
observed, as illustrated in Fig. 6.2. 
 
Fig. 6.2 Bonding interface morphology after bonding and annealing, after 
Sagalowicz, et al, J. App. Phys., May 2000 
Substrate A (lattice constant #1)













6.2 APD Structure Design and Material Growth 
The first device structure was designed as a separate absorption, charge, and 
multiplication APD to achieve low noise and high gain bandwidth products. The 
advantages of this type of device structure were discussed in Chapter 2. The bonded 
interface was initially designed to be between p-type InP and p-type GaAs, since it 
has been shown that bonding these materials (p-InP/p-GaAs) yields both excellent 













Fig. 6.3 shows the detailed device structure that was used for direct wafer 
bonding. The upper region was designed for absorption. It was grown on an InP 
substrate and consisted of a 50 nm-thick, heavily-doped p+ (Be:1×1019 cm-3) 
In0.53Ga0.47As layer for p-type ohmic contact, a 200 nm-thick p+ (Be:5×1018 cm-3) InP 
n+: InP Substrate 
i: InGaAs Absorber 
p+: InAlAs Window  
p: AlGaAs charge 
i:AlGaAs Multiplication 
n+: AlGaAs  
n+: AlGaAs buffer  
n+: GaAs Substrate 
Load pressure 





window layer to block the diffusion of the photo-generated electrons from the 
InGaAs absorber, an 800 nm-thick unintentionally-doped In0.53Ga0.47As absorption 
layer, and a 30 nm-thick p-type (Be:1×1018 cm-3) InP layer used both as the bonding 
interface to GaAs and as part of the charge region.  
The lower region, or the multiplication region, was grown on a GaAs 
substrate. The epitaxial layer structure consisted of a 200 nm-thick n-type (Si: 5×1018 
cm-3) Al0.2Ga0.8As n-contact layer, a 200 nm-thick unintentionally-doped 
Al0.2Ga0.8As multiplication layer, a 100 nm-thick p-type (Be:2×1017 cm-3) 
Al0.2Ga0.8As charge layer, and a 30 nm-thick p-type (Be:1×1018 cm-3) GaAs layer 
used both as the bonding interface to InP and as part of the charge region.  Since the 
bonding interface was located between the multiplication region and the absorption 
region, the direct wafer bonding was really a great challenge, because in the SACM 
structure both of these regions are fully depleted and the electric field is high, 
compared to direct wafer bonding in other types of devices, such as lasers.   
The epi-structures both on InP and GaAs substrates were grown in a Varian 
GEN-II MBE chamber, and a buffer layer was employed in each wafer to reduce 
defects. The wafer surfaces were coated with photoresist immediately after they were 
removed from the MBE chamber to prevent particle contamination. Since surface 
roughness of the two wafers was a critical factor for the success of direct wafer 
bonding, extreme care was taken during growth calibration for the wafers. Surface 
morphology of the wafers was examined by atomic force microscopy (AFM) after 
MBE growth. AFM results consistently showed that the average roughness of the 
GaAs wafer was less than 1 nm, and a typical value for the InP wafers was usually 1-











6.3 Wafer Bonding and Subsequent Device Processing 
An array of 5-µm-wide by 0.5-µm-deep channels with a pitch distance of 500 
µm was etched in the GaAs wafer surface with H3PO4:H2O2:H2O (1:1:8). These 
channels have been found to improve the quality of the fused interface by enhancing 
the transport of desorbed gases from the bonding interface and reducing the defect 
density of voids and bubbles [6-20][6-21]. The wafer surface cleaning procedure 
started with an oxygen plasma treatment to remove hydrocarbons and to create a 
defined oxide film. This was followed by sequential immersion in buffered HF and 
NH4OH in order to remove the oxides. Both samples were then brought into close 
contact and aligned in a methanol solution. The aligned wafers were mounted in a 
graphite fixture, as shown in Fig. 6.5, which was designed to provide uniform 

















The applied load was estimated to be 1-2×106 Pa at room temperature. The 
loaded samples were then annealed at a temperature of 650oC for 30 min in an N2 
atmosphere, using a Lindburg annealing furnace, as shown in Fig. 6.6. After 
annealing, the sacrificial InP substrate and the buffer layer were selectively removed 













The first step in processing was p-type ohmic contact formation. A 
Cr(250Å)/Au(800Å) film was deposited on the heavily-doped In0.53Ga0.47As layer. 
The contacts were patterned with a standard photolithography and lift-off process. A 
SiO2 etch mask was then deposited by PECVD and defined by photolithography. 
Mesas with a diameter of 150 µm were etched in bromine/methanol solution down to 
the n+ GaAs buffer layer. A thin film of SiO2 (1500Å) was then deposited for device 
passivation. Ni(200Å)/AuGe(300Å)/Au(800Å) was used as the n-type ohmic 





contact, which covered the whole surface of the wafer except the mesa areas in order 
to minimize the contact resistance. The cross section of the directly bonded SACM 













6.4 Results and Discussion 
Direct bonding between bulk GaAs and InP substrates was performed prior to 
real photodiode bonding, to examine bonding qualities. Perfect ohmic contact 
between bonded n-type GaAs bulk materials is a good indication of the good contact 
at the bonded interface, as shown in Fig. 6.6. Further bonding between bulk n-GaAs 
to p-GaAs, p-GaAs to n-InP, and p-GaAs to p-InP, as shown in Fig. 6.7 to 6.9, all 
resulted in rectifying characteristics, which were solid indications of the formation of 
either a homo-junction or a hetero-junction at the bonded interfaces. 
X 30,000 





Bulk n-GaAs to n-GaAs
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Bulk n-GaAs to p-GaAs
Bias Voltage (V)














Fig. 6.6 Bonding result between bulk GaAs materials 





Bulk p-GaAs to n-InP 
Bias Voltage (V)














Bulk p-GaAs to p-InP
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Fig. 6.8 Bonding result between bulk p-GaAs and n-InP materials 





 The photocurrent and dark current characteristics of the initially bonded 
InGaAs/InP-GaAs/AlGaAs SACM APDs were measured at room temperature with a 
HP 4145B semiconductor parameter analyzer, as shown in Fig. 6.10. The breakdown 
voltage was approximately 32.5V, and the punch-through voltage was close to 
13.5V. This corresponded very well with a reference InGaAs/InAlAs SACM APD 
with a similar structure and doping profile. However, the photocurrent curve 
exhibited a small double-step punch-through, which was different from the reference 
InGaAs/InAlAs SACM APD. These steps probably occurred as the depletion region 
reached the bonded p-InP/p-GaAs interface first and then the edge of InGaAs 
absorption region. After the second step, the photocurrent curve saturated and then 














Fig. 6.10 Typical I-V curves of bonded GaAs-InP APD 
Bias Voltage (V)















































The dark current of this bonded APD was higher than that of the reference 
InGaAs/InAlAs APD. Up to punch-through the dark current was ≤ 20nA, but above 
that point it increased rapidly. Thermally generated carriers from the fully depleted 
p-InP/p-GaAs interface are probably the source of the high leakage current. 
Secondary ion mass spectroscopy (SIMS) analysis has shown that high temperature 
annealing (over 600oC) will cause Be diffusion in the bonded devices. This resulted 
in a decrease in the charge layer doping level from its nominal value, which leads to 
early punch-through in the charge region. The net result is a higher electric field in 
the InGaAs absorption material after punch-through, where tunneling and impact 
ionization may cause high leakage current. This phenomenon was also observed in 
the InGaAs/InAlAs SACM APDs if the charge layer doping was too low. Further 
optimization of the bonding conditions and modification of charge layer doping are 
expected to reduce the device dark current level. Avalanche multiplication gain was 
calculated based on the measured I-V characteristic by assuming unity-gain at the 
second punch-through (-13.5V). Gain values as high as 25 were observed before 
breakdown, which is sufficient for most device applications. 
The external quantum efficiency of the bonded photodiode was measured 
from 1.0 µm to 1.65 µm at 13.5 V reverse bias, as shown in Fig. 6.11. The external 
quantum efficiency was 47% at 1.3 µm and 33% at 1.55 µm. For an 800 nm-thick 
InGaAs absorption layer with an absorption coefficient (α) of 1.16 µm-1 at 1.3 µm 
and 0.705 µm-1 at 1.55 µm [6-13], external quantum efficiencies of 51% at 1.3 µm 
and 34% at 1.55 µm would be expected, assuming an optical transmission of 85% at 
1.3 µm and 80% at 1.55 µm through the air-SiO2-semiconductor interface. There is 





external quantum efficiencies. These differences may be due to the loss 














6.5 Direct Wafer Bonded APDs with an InAlAs-GaAs 
Interface 
The direct wafer bonding between InAlAs and GaAs was also investigated, 
partly due to a problem with the MBE growth chamber; the phosphorus cracker was 
unable to provide sufficient phosphorous beam flow, and InP epi-layer growth was 
no longer available. Direct wafer bonding using an InAlAs-GaAs interface was the 
first available alternative solution. The device structure for DWB was then modified 
for the new bonding interface. The InP and GaAs wafers were grown in a Varian 
Wavelength (nm)





























GEN-II MBE chamber using standard group-III sources and an arsenic cracker.  
The bonding procedure started with etching an array of 5-µm-wide by 1-µm-
deep channels with a pitch distance of 500 µm on the GaAs wafer surface using 
H3PO4:H2O2:H2O (1:1:10), to improve the quality of the fused interface and to 
reduce the defect density of voids and bubbles, as discussed previously. Both the InP 
and GaAs wafers were cleaned to remove contaminants. Details of the cleaning 
procedure were outlined in section 6.3. For the bonding, the samples were place in a 
graphite fixture and pressure was applied before placing them in the bonding 
furnace. The applied pressure was estimated to be ~1-2×106 Pa at room temperature. 
After annealing, the InP substrate was removed to the InGaAs etch stop using a 











































Preliminary bonding of In0.52Al0.48As to GaAs was investigated at 600C, 
650C, and 700C under both N2 and H2 atmospheres, using simple p-i-n structures. In 
order to observe the effect of the annealing conditions on the device dark current 
level, various homojunction p-i-n diodes were bonded using a variety of annealing 
temperature profiles, as shown in Fig. 6.12. Fig. 6.13 shows dark current curves 
resulting from bonded p-i-n diodes that have similar device sizes. An optimum 
temperature, close to 650oC, was obtained in terms of dark current density. Using an 
H2 atmosphere instead of N2 also decreaseed the device dark current level, possibly 












It should also be noted that despite having an Al0.52Ga0.48As/GaAs interface 
in the high electric field region, the dark current density from devices under the best 
bonding conditions is not higher than the MBE grown reference sample, at least up 
to a reverse bias of 10V. Based on this experiment, 650oC and H2 atmosphere were 
Fig. 6.13 Dark current level comparison between the bonded p-i-n 
photodiodes with the MBE grown 
Reverse Bias (V)
































chosen as the conditions for bonding a SACM APD structure, which has a device 
structure similar to that shown in Fig. 6.3, except using an InAlAs-GaAs bonding 
interface. The current-voltage characteristics of both the bonded APD devices and a 
reference SACM APD device, which has a 200-nm InAlAs multiplication region and 
a 1500-nm InGaAs absorbing region, were measured and compared. The 
measurement results, as shown in figure 6.14, showed that the dark current at 90% of 
breakdown of both bonded and MBE-grown reference samples are approximately the 
same. At a 90% breakdown voltage of 37V the dark current is approximately 100nA 
for a 150µm diameter bonded device. Using this direct wafer bonding technique, an 
avalanche photodiode was successfully demonstrated, in which an InGaAs absorber 





































Dark current, bonded APD
Photocurrent, MBE grown
Dark current, MBE grown






Using direct wafer bonding, a long-wavelength SACM APD was 
demonstrated by combining an InGaAs absorber with an Al0.2Ga0.8As p-i-n structure 
through a p-InP/p-GaAs interface. The bonded APD exhibited avalanche 
multiplication gain >25, before avalanche breakdown. The external quantum 
efficiency was ~47% at 1.3 µm and ~33% at 1.55 µm. Subsequent investigation of 
the direct wafer bonding between InAlAs and GaAs further indicated the possibility 
of obtaining APDs from this type of bonding interface. Optimized gas and ambient 
temperature conditions for the successful wafer bonding between InAlAs-GaAs have 










In0.52Al0.48As APD Focal-plane Arrays 
Avalanche photodiode focal plane arrays have been widely used to detect 
weak optical signals for applications such as high resolution Positron Emission 
Tomography (PET) [7-1], Detection of Internally Reflected Cherenkov light (DIRC) 
[7-2], and Scintillating Fiber Readouts [7-3]. For these applications, APD arrays 
were used as compact alternatives to photo-multiplier tubes (PMTs). To date, all of 
these arrays have utilized Si APDs, thus the operation was restricted to wavelengths 
of λ≤1.0µm [7-1]-[7-4]. Even though the MCT focal-plane array provides excellent 
detection through the infrared wavelength range, the cooling condition required for 
standard operation eventually limited their usefulness in such applications. The 
rapidly emerging technology of three-dimensional imaging requires high-sensitivity 
detector arrays that provide a short wavelength infrared (SWIR) detection range 
(wavelength: 0.8µm≤λ≤2.2µm), a gigahertz bandwidth [7-5], and room temperature 
operation. In order to meet the above requirements, a 12 × 12 array with an 
In0.53Ga0.47As absorption region and a thin In0.52Al0.48As multiplication region were 
developed. The APDs in this array exhibit good uniformity of breakdown voltage, 
photo response, dark current, and avalanche multiplication gain. The unity-gain 
external quantum efficiency was greater than 40% in the wavelength range from 1.0 
µm to 1.6 µm, ~57% at 1.3 µm and ~45% at 1.55 µm. The speed performance, in 





value for a 200-nm-thick InAlAs multiplication region. Subsequently, an 18 × 18 
array was developed by improving the device structure to enhance APD speed 
performance. As a result, a low gain bandwidth of ~8GHz and a gain bandwidth 
product of >120GHz have been achieved at room temperatures. Recent studies of a 
40×40 APD array have shown the potential of the MOCVD-grown InGaAs/InAlAs 
material for larger pixel number focal plane arrays. 
7.1 Focal-plane Array Design 
A 3-D imaging system requires fast, high-sensitivity photodetector arrays to 
detect the pulsed IR optical signals reflected from distant targets, even if those 
targets are hidden in camouflage, as shown in Fig. 7.1.  
 





The sensitivity and operation bandwidth of each individual detector in the focal-
plane array determines the spatial detection range and spatial resolution of the 3-D 
imaging system. Assuming ideal reflection from the target surface, an optical 
attenuation coefficient in the transmission wavelength window in air αo 
(0.8µm≤λ≤2.2µm), an average output power from the pulsed laser PO, and a 
minimum detectable average power of the focal-plane array PM, the maximum 
detection range is 









=                                          (7.1) 
The minimum time resolution of the photodetectors, τM, determines the 
minimum spatial resolution of the imaging system. Assuming uniform optical 
transmission in free space and a refractive index of air in the wavelength window of 












3                             (7.2) 
where f3dB is the 3-dB bandwidth of the photodiodes in the array. To meet all the 
above requirements, a separate absorption, charge, and multiplication (SACM) 
device structure was utilized for the focal-plane APD array, as shown in Fig. 7.2, to 
obtain both high sensitivity and high speed. Design details for this device structure 
have been discussed in the previous chapters. With proper optimization of the device 
structure, this APD concurrently exhibits low dark current, low multiplication noise, 
and high speed [7-6]~[7-10]. A 1.5µm In0.53Ga0.47As absorber was used to provide 
acceptable responsivity (>0.8A/W) at unity-gain. A low-gain bandwidth of >5GHz 





using a 200-nm-thick InAlAs multiplication layer. A high gain-bandwidth product 
gives APDs an advantage over p-i-n photodiodes for imaging applications, in terms 













7.2 Material Growth and Calibration 
Extreme care was taken for the MBE calibration and growth for the APD 
array due to stringent requirements for device yield and uniformity. After any period 
of maintenance on the growth chamber, a set of x-ray calibration samples was grown 
to determine the group-III fluxes necessary to grow InGaAs and InAlAs lattice-
matched to InP. The procedure is to use a fixed indium flux while growing two or 
three layers on the same sample with different Ga (or Al) fluxes, which is 
accomplished by incrementing the relevant Ga (or Al) cell temperature by a degree 





or two between each layer. After x-ray diffraction is measured from the family of all 
(400) planes in the sample, response peaks can be observed, which correspond to the 
substrate and each of the three relaxed epitaxial layers. The location of each InGaAs 
(or InAlAs) peak relative to the substrate peak indicates the appropriate cell 
temperature required to achieve good lattice match of the epitaxial layers to the InP 
substrate. Once the source temperatures have been determined, the resulting beam 
flux is recorded for future use.   
The accuracy of this calibration method varies from time to time, according 
to an investigation done at UCSB. The precision afforded by the beam flux 
measurement is sufficient to keep the X-ray diffraction within 100 arc seconds. 
Normally, these compositions are clustered within 100 arc seconds or less of the 
substrate peak. Calibration by beam flux tends not to provide the same level of 
accuracy for determining the final wafer composition. Nonetheless, epi-layer 
thickness, as calibrated by beam flux, is typically within an accuracy of 2 ~ 4%. An 
improved accuracy of less than 1% can also be achieved, by growing the calibration 
sample on the same day prior to the real growth. 
Starting with a substrate temperature of 500 °C with an arsenic beam flux of 
1.2 × 10-5 torr, the substrate temperature was ramped to 570 °C in a span of 15 
seconds to remove the surface oxide. The substrate was then immediately cooled to 
the growth temperature (500°C). The first layer grown was a 500 nm-thick layer of 
n-type In0.52Al0.48As doped to 8 × 1018 cm-3 with silicon.  Next, a 100nm-thick layer 
of n-type (5 × 1018 cm-3) In0.52Al0.48As, a 200 nm-thick intrinsic In0.52Al0.48As layer 
was grown as the multiplication region.  Subsequently, a charge layer consisting of 





nm of intrinsic In0.53Ga0.47As sandwiched between two 50 nm-thick unintentionally-
doped In0.52Al0.48As spacer layers was grown as the absorption layer. This was 
followed by a 700 nm-thick p-type (Be: 7 × 1018 cm-3) In0.52Al0.48As layer. The p-
type contact layers consisted of 100 nm of In0.52Al0.48As (Be: 9 × 1018 cm-3) capped 
with 20 nm of In0.53Ga0.47As, doped at the same level.  
7.3 APD Focal-plane Array Fabrication 
The device processing also focused on improving device yield in order to 
demonstrate a functional focal-plane APD array, with a reasonable pixel number. 
The focal-plane array processing began the p-type ohmic contact formation. A Cr (25 
nm)/Au (85 nm) film was deposited using E-beam evaporation onto the heavily-
doped In0.53Ga0.47As cap layer. These p-type contacts were patterned with standard 
photolithography and lift-off processing. A SiO2 etch mask was then deposited by 
PECVD and mesa etch patterns were defined. The SiO2 etch mask was used to 
ensure mesa pattern uniformity and smooth mesa edges, which has been proven as a 
critical step for device yield. Mesas with a diameter of 50 µm were etched in 
phosphoric etchant (H3PO4:H2O2:H2O = 1:1:8) to the n+ InP buffer layer. After mesa 
etching, both the photoresist and the SiO2 mask were removed. The wafer was 
quickly transferred to the PECVD chamber where a thin film of SiO2 (~150 nm) was 
deposited for sidewall passivation. A Ni (20 nm)/AuGe (30 nm)/Au (80 nm) film 
was deposited by E-beam evaporation as a common n-type ohmic contact to all the 
APDs in the array. The p-contacts were then opened using standard photolithography 
and BOE etching. A microscope picture of a 12×12 focal-plane APD array, after 














7.4 First 12 × 12 Focal-plane APD Array 
The photocurrent and dark current of the InGaAs/InAlAs SACM APDs were 
characterized at room temperature using a HP 4145B semiconductor parameter 
analyzer. Uniform top illumination was used to characterize the photo response. 
Figure 3 shows the measured photocurrent and the dark current curves of all 144 
APDs in the array. The mean breakdown voltage was 57.9V and the standard 
deviation was less than 0.1V. Since the breakdown voltage is very sensitive to small 
variations in thickness and impurity concentration in the epitaxial layers, it can be 
inferred that the MBE growth was very uniform. The punch-through voltages were 





close to 12.5V; however, the distribution was not as tight as that of the breakdown 
voltages. This most likely results from small variations in the beryllium 
















Plentiful latitude in the selection of the unity-gain reference was afforded by 
the fact that all the APDs showed flat responses after punch-through, as shown in 
Fig. 7.4. In order to ensure that each APD was measured above punch through, a 
reverse bias voltage of 13.5V (one volt above the punch-through) was selected as the 
unity-gain reference bias. The mean dark current and standard deviation at the 
selected unity-gain reference bias were ~2nA and ~0.19nA, respectively. The mean 
Bias Voltage (V)

























Fig. 7.4 Typical I-V characteristics of APD devices on the InGaAs/InAlAs 3-D 





dark current and standard deviation increased up to ~300nA and ~60nA at 90% of 
the breakdown voltage, as shown in Fig. 7.5 (a) and (b). Larger standard deviation of 
the dark current at higher reverse biases indicates a more pronounced gain variation 
at higher reverse biases, which will result in a larger spread in the distribution, due to 
multiplied dark current in the total dark current term. 
The external quantum efficiencies were measured using a tungsten-halogen 
light source, a spectrometer, and a lock-in amplifier, at 13.5V, to verify the validity 
of the selection of unity gain reference. The measured unity-gain external quantum 
efficiency was greater than 40% throughout the wavelength range from 1.0 µm to 1.6 
µm, as shown in Fig. 7.6. External quantum efficiencies as high as ~57% at 1.3 µm 
and ~45% at 1.55 µm were observed. The total external quantum efficiency of the 
APDs under test should be governed by the following expression 
)1()1( dext eR
⋅−−⋅−= αη                                        (7.3) 
where R is the reflection coefficient of the air-semiconductor interface; α is the 
absorption coefficient of In0.53Ga0.47As at the relevant incident wavelength; and d is  
the absorption layer thickness. For a SACM APD with a 1.5 µm-thick In0.53Ga0.47As 
absorption region that has absorption coefficients (α) of 1.16 µm-1 at 1.3 µm and 
0.705 µm-1 at 1.55 µm [7-10], the ideal external quantum efficiencies are ~58% and 
~46%, respectively, assuming an optical transmission of 70%  (R=0.3) at the air-
semiconductor interface. These values are consistent with the measured external 
quantum efficiencies at these two wavelengths, which further corroborated the unity 
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Fig. 7.5 Dark current distributions of APD devices on the InGaAs/InAlAs 3-D 





























=                                                  (7.4) 
where Ip and Id are the photocurrent and dark current for bias values above punch 
through; Ipu and Idu are the primary photocurrent and dark current at unity-gain 
(Vbias=13.5V). In Fig. 7.7, gain curves of all the APDs in the focal-plane array are 
plotted as a function of the reverse bias voltage. The mean value of the gain was 
10.2, 15.1, 20.2, and 42.4 at reverse bias voltages of 55.8V, 56.6V, 57V, and 57.6V, 
respectively. The standard deviations of the multiplication gain distribution at each 
Wavelength (nm)



















Fig. 7.6 External quantum efficiency of APD devices on the InGaAs/InAlAs 3-D 





of the above reverse bias voltages were 0.28, 0.56, 1.09, and 5.64, respectively. The 
multiplication gain distributions at each of the above reverse bias voltages are plotted 



















The bandwidth was measured with a HP8703A lightwave component 
analyzer at the wavelength of 1.3µm. The unity-gain bandwidth of 50µm APD 
devices was 13GHz. At higher gains a gain-bandwidth product of 23GHz was 
Fig. 7.7 Gain distributions of APDs on the InGaAs/InAlAs 3-D focal-plane 
APD array at biases of (a) 55.8V and (b) 56.6V (c) 57.0V (d) 57.6V 
Multiplication Gain Range (M)
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This relatively low gain-bandwidth product resulted from a low level of avalanche 
gain in the In0.53Ga0.47As absorption region, in which the electric field at high gains 
(e. g. ~228kV/cm at gain of 10) was close to the critical breakdown field in bulk 
In0.53Ga0.47As (~250kV/cm) [7-11]. This low level of gain in the absorption region 
results in carrier feedback from the absorption region to the multiplication region. 
The long feedback path (~1.9µm) associated with this type of gain significantly 
degrades the excess noise and the gain-bandwidth product of the APDs [7-12]. 
Avalanche gain in the In0.53Ga0.47As absorption layer can be eliminated through 
increasing the doping or thickness of the charge layer.  



































7.5 An 18X18 Array with Improved Speed Performance 
Based on the previous 12 × 12 APD array results, the charge layer doping 
level was adjusted to decrease the electric filed intensity in the In0.53Ga0.47As 
absorber at high gains. Using the method discussed in Chapter 3, the charge layer 
doping level was increased 1.42 times to decrease the E-field to less than 100KV/cm 
in the In0.53Ga0.47As absorber. For this reason, the charge layer (beryllium) doping 
level was re-calibrated and several wafers were re-grown at UCSB. The thickness, 
composition, and doping concentration of each layer were examined with SIMS to 
guarantee the consistency between the design specifications and wafer structures 












Fig. 7.9 SIMS results of the new APD array wafer, by EVANS TEXAS 
Position (nm)


















































New focal-plane APD arrays were fabricated with an improved array mask, on which 
design concern focused on improving device yield associated with device processing. 
A new focal-plane array of 40 × 40 50µm-mesa-diameter APDs was fabricated, as 
















Photocurrent, dark current, and gain of APDs were characterized in one 
quarter of this array. An 18X18 sub-array on this 40X40 array was functional, with 
only three failed devices, which was caused by improper probing. Statistical analysis 
of the dark current for the other 321 devices exhibited a mean value of ~4.4nA and a 
standard deviation of 1.5nA at bias voltage of 16.0V (gain ~1.8), as
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M   =  4.4 nA 
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Fig. 7.11 Dark current distributions of APDs on an 18X18 InGaAs/InAlAs 3-D 





shown in Fig. 7.11 (a). The dark current distribution at 90% of breakdown 
demonstrated a mean value of ~71nA and a standard deviation of 13nA, as shown in 
Fig. 7.11(b). Several devices with relatively poor sidewall passivation on this APD 
array contributed to the increased spread in the dark current distribution at higher 

















Uniform photocurrent was consistently observed across this 18 × 18 array 
and the gain distributions were calculated, as shown in Fig. 7.12 (a) to (d). The mean 
gain was 10.9, 16.1, 22.1, and 43.4 at reverse bias voltages of 35.0V, 36.4V, 37.2V, 
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Fig. 7.12 Gain distributions of APDs on the InGaAs/InAlAs 3-D focal-plane 
APD array at biases of (a) 35.0V and (b) 36.4V (c) 37.2V (d) 38.2V 
GAIN (M)
























and 38.2V, respectively. The standard deviation of the multiplication gain 
distribution at each of the above reverse bias conditions was 0.9, 1.4, 2.1, and 5.6, 
respectively. These results agree quite well with our previous 12 × 12 APD array 
results, as discussed in the previous section, especially the distribution in the high 














The bandwidth of the APD array devices was measured with a HP8703A 
light-wave component analyzer at a wavelength of 1.3µm. The unity-gain bandwidth 
of a 50µm-diameter APD device was ~8GHz, as shown in Fig. 7.13. The bandwidth 
in the low gain region was determined by the long carrier transport path (~3.9µm) 
associated with the depleted absorption, charge, and multiplication regions, thus the 
bandwidth was primarily transit-time limited. To verify this, the capacitance-voltage 
Frequency (GHz)




















dependence was characterized using the C-V measurement of a 500µm-diameter 
APD, as shown in the inset of Fig. 7.14. A capacitance of ~13pF (~6.6×10-2 fF/µm2) 
at a bias voltage of 16.0V was obtained at low frequency  (1MHz) and agrees 
reasonably well with the calculated unity capacitance value (6.3×10-2 fF/µm2). The 
capacitance curve exhibited a sharp decrease before punch-through, but only a slight 
change was observed after punch-through, due to total depletion of the charge 
region. For a 50-µm APD, the measured capacitance by C-V is ~120fF at a bias 













The parasitic capacitance and resistance of the photodiodes was also 
measured using a HP8703A spectrum analyzer, with an RF calibration frequency up 
to 10GHz. From the measured S-parameters, a capacitance of ~100fF and a total load 
resistance of ~60Ω (~10Ω contact resistance + 50Ω terminal resistance) were 
Reverse Bias (V)























C-V for a 500µm APD
C-V for a 50µm APD 
array device





extracted, based on a simplified R-C equivalent circuit model. The 3-dB RC 
bandwidth was therefore estimated at >20GHz, which is far above the carrier transit 
time limitation. The slight discrepancy between the high frequency RF measurement 
and the low frequency C-V measurement was partly attributed to the frequency 













At higher gains, a gain-bandwidth product of 120GHz was observed. In 
comparison with our previous 12×12 array results, the gain-bandwidth increased >5 
times due to optimization of electric field in the 1500nm-thick In0.53Ga0.47As 
absorption region. By increasing the charge layer doping, the electric field strength 
in the In0.53Ga0.47As absorber decreased from >250KV/cm to <150KV/cm at bias 
voltages close to the breakdown. The measured bandwidth as a function of 














product of = 120GHz





7.6 A 40×40 APD Array Based on MOCVD Materials 
As a follow-up step, a 40×40 InAlAs/InGaAs APD array was designed and 
fabricated, using MOCVD material provided by SpectroLab. To our knowledge this 
is the largest InAlAs-based APD array that have been characterized, using automatic 
probing station.  Device testing has been a challenge for the manual APD array 
characterization and is extremely time consuming. The 40µm diameter detectors are 
suitable for 3-D imaging applications that require response bandwidths in excess of 
1GHz, in the short wavelength infrared range from 1.0 to 1.6 µm. 
The device layers were grown by metal-organic vapor phase epitaxy on 2” 
sulphur-doped (100) InP n+ substrates. Trimethylindium, trimethylgallium, 
trimethylaluminum, 100% arsine, and 100% phosphine were used as source 










Avalanche photodiodes were fabricated by wet chemical mesa etching 
followed by passivation. Front-illuminated arrays of 40x40 elements were fabricated. 
Multiplication P--InAlAs












The array elements were 40 µm in diameter on a 60µm pitch. Figure 7.17 displays a 
scanning electron micrograph of a section of one array. Metal pads were placed on 
















The 40×40 element APD arrays were subsequently characterized for dark 
current and photocurrent performance. The arrays were first characterized for dark 
current and screened with a requirement that each element display <20nA of dark 
current at a nominal operating bias determined from one element of the array. This 
operating bias was chosen to give a nominal M=10 operating point.  Figure 7.18 
shows the pass/fail results for one array which had >99% operability. The dark 





current histogram is shown in Figure 7.19 and demonstrates a uniform dark current 
distribution. 
Optical response is a key performance figure-of-merit for any imaging array. 
Figure 7.20 displays the response uniformity across a 40×40-pixel APD array. The 
data was collected at an operating bias chosen to give an a-priori gain of 10 for each 
device of the array. The data revealed that there is some non-uniformity in optical 
response for a single bias point. However, in the focal plane array application each 
pixel will be individually biased, which will remove gain non-uniformities due to 
bias related issues. 
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Fig. 7.18 A pass/fail map on one 40x40 APD array with >99% operability. The 
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Fig. 7.19  Histogram of the dark current at a gain of 10 for  the 1600 elements of 
the 40x40 APD array. 






A 12 × 12 In0.53Ga0.47As/In0.52Al0.48As SACM avalanche photodiode array 
has been demonstrated. The APDs exhibited uniform distributions of breakdown 
voltage, photo response, dark current, and multiplication gain. The measured 
external quantum efficiency was above 40% within the wavelength range from 1.0 
µm to 1.6 µm, ~57% at 1.3 µm and ~45% at 1.55 µm, respectively. However, the 
speed performance in terms of gain-bandwidth product, was <30GHz and lower than 
the expected values for a 200-nm-thick InAlAs multiplication region. To solve this 
problem, a new 18 × 18 focal-plane APD array was developed with improved speed 
performance, a bandwidth of ≥8GHz at low gains and a gain bandwidth product of 
≥120GHz have been achieved. Furthermore, a 40×40 pixels APD array was 
demonstrated using MOCVD-grown wafers. This APD array exhibited higher device 
yield, lower dark current level, and improved dark current uniformity, due to 
improved material quality. More distributed APD gains (~25% at gain of 10), in 
comparison with MBE-grown APD arrays (~9% at gain of 22), may be attributed 
both to variation of InAlAs multiplication layer thickness and fluctuation of the total 









In0.52Al0.48As Large-Area APDs 
In0.53Ga0.47As/In0.52Al0.48As avalanche photodiodes have been widely studied 
for optical communication applications. Most of the research efforts emphasized 
improving speed performance, in terms of gain-bandwidth product, by reducing 
device size in order to overcome the RC time limit and meet the strong demand of 
10~40Gb/s system applications. However, optical measurement systems that operate 
in the eye-safety wavelength range (~1.5µm) require long-wavelength, high-
sensitivity photodiodes with a large detection area. Furthermore, as was discussed in 
Chapter 7, three-dimensional infrared imaging systems require APD arrays that 
operate in the short wavelength infrared (SWIR) range (0.8µm≤λ≤2.2µm) and have 
gigahertz bandwidths.  
All these requirements create exciting challenges for epi-layer quality and 
device passivation on the InP-based material system. Large defect densities 
introduced during material growth (MBE or MOCVD) generate high bulk leakage 
current [8-1], severe micro-plasma-induced speed degradation [8-2], and poor device 
reliability for large-area APDs and arrays [8-3]. Sidewall passivation quality is 
critical to the APD dark current since sidewall leakage current constitutes a 
significant part of the total dark current, without proper passivation [8-4]. A 100µm-






diameter microlens has been reported for eye-safety optical measurement purposes 
[8-5]. To the best of our knowledge, long-wavelength APDs with larger mesa area 
have not yet been reported.  
Here I present large-mesa-area In0.53Ga0.47As/In0.52Al0.48As long-wavelength 
APDs that exhibited high multiplication gains, high-gain bandwidth products, and 
low dark current densities. APDs with mesa diameters up to 500µm have 
demonstrated multiplied dark current densities ≤2.5×10-2 nA/µm2 at 90% of the 
breakdown. This large-area APD array also exhibited a gain-bandwidth product >120 
GHz. Origins of the dark current were analyzed based on the measured results, and 
primary dark current was dominated by the thermal-generation current induced by 
deep-level traps in the bulk In0.53Ga0.47As absorber. 
8.1 Device Structure Design and Material Growth 
A separate absorption, charge, and multiplication (SACM) APD structure 
was utilized for the large-area device studies, since this type of device structure 
exhibits low dark current, low multiplication noise, and high speed if the device 
parameters are properly optimized. Fig. 8.1 shows the detailed device structure used 
for the large-area APD study. This type of device structure has been successfully 
used in the previous focal-plane APD array studies, as presented in Chapter 7.  
The APD wafer was grown by molecular beam epitaxy on an n-type InP 
(100) substrate. The control over layer composition, thickness, and dopant density 
afforded by epitaxial growth allows several refinements in the APD design that are 






diffusion techniques. The low bandgap material necessary to receive the long-
wavelength (1000−1700 nm) light is susceptible to leakage via inter-band tunneling 
when placed under strong bias. This source of dark current can be suppressed by 
isolating the low bandgap material in a dedicated absorption layer, in which the 
electric field is moderated by an adjacent charge layer. A second advantage of 
epitaxial growth is the ability to accurately control the epi-layer thickness in order to 
grow a thin multiplication layer, so as to produce spatial modulation of impact 
ionization events, thereby suppressing multiplication noise [8-1], [8-6]. However, 
these advanced designs typically involve multiplication layers on the order of 150 - 
200 nm thick, supporting electric field strength above 700 kV/cm. 






  Consequently, small variations in epi-layer thickness caused by rough growth 
can have a large impact on device performance. In particular, premature breakdown 
can occur at thin spots in the multiplication layer, allowing excessive dark current to 
pass through the conductive micro-plasmas. Growth of smooth layers of uniform 
thickness is therefore essential. 
8.2 Device Processing 
 Device processing began with p-type ohmic contact formation. A Cr (25 
nm)/Au (85 nm) film was deposited by E-beam evaporation onto the heavily-doped 
In0.53Ga0.47As cap layer. The contacts were patterned with standard photolithography 
and lift-off processing. A SiO2 etch mask was then deposited by PECVD and mesa 
etch patterns were defined. The SiO2 etch mask was used to ensure mesa pattern 
uniformity and smooth mesa edges. Mesas of different diameters (from 20µm to 
500µm) were etched in phosphoric etchant (H3PO4:H2O2:H2O = 1:1:8) to the n+ InP 
buffer layer. After mesa etching, both the photoresist and the SiO2 mask were 
removed. The wafer was quickly transferred to the PECVD chamber where a thin 
film of SiO2 (~150 nm) was deposited for sidewall passivation. A Ni (20 nm)/AuGe 
(30 nm)/Au (80 nm) film was deposited by E-beam evaporation onto the InP buffer 
layer in order to form a common n-type ohmic contact.  
8.3 Device Characterization and Discussions 
8.3.1 Large-area InGaAs/InAlAs APDs  






processing. The punch-through voltage was ~15.0V, and the breakdown voltage was 
~39.2V. The typical photoresponse and dark current curves of a 500µm-diameter 













The photocurrent curve of the APD exhibited an obvious slope after punch-
through, which might indicate multiplication gain at punch-through [8-1]. In order to 
characterize the multiplication gain, external quantum efficiencies were measured 
under different bias conditions above the punch-through voltage, using a tungsten-
halogen light source, a spectrometer, and a lock-in amplifier. At a bias voltage of 
16.0V, the APD was fully depleted and the measured external quantum efficiency 
was ~85% at a wavelength of 1.55µm, as shown in Fig. 8.3. The expected external 
quantum efficiency of an APD at unity-gain can be estimated by the following 
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where R is the reflection coefficient of the air-semiconductor interface; α is the 
absorption coefficient of In0.53Ga0.47As at the relevant incident wavelength; and d is 
the absorption layer thickness. For a SACM APD, with a 1.5 µm-thick In0.53Ga0.47As 
absorber that has an absorption coefficient (α) of 0.705 µm-1 at 1.55 µm [8-7], [8-8], 
the expected external QE is ~46% at 1.55µm assuming an optical transmission of 
70% (R=0.3) at the air-semiconductor interface. The measured value (~85%) is 1.8 
times higher than the expected quantum efficiency value (~46%).  We attribute this 
large quantum efficiency to the gain at punch-through, and the gain at a bias voltage 
Wavelength (nm)











































of 16.0V is calculated as 1.8, without overestimation. The assertion of multiplication 
gain at punch-through can also be corroborated by electric field strength analysis. At 
a reverse bias voltage of 16.0V, the electric field in the In0.52Al0.48As multiplication 
region can be estimated as ~580kV/cm using the simple depletion approximation, 
assuming a 200nm In0.52Al0.48As un-doped multiplication region and a 150nm p-type 
(6 × 1017 cm-3) In0.52Al0.48As charge region. This calculated value of electric field 
strength agrees well with the published homo-junction APD result [8-9], from which 
the electric field strength in the 200nm-thick multiplication region of an 
In0.52Al0.48As APD at a gain of 1.8 can be inferred as ~560KV/cm.  









=     *0 MMM ⋅=                          (6.5) 
where M0 is the gain factor determined by a quantum efficiency measurement at the 
specific reference bias voltage after punch-through (e.g. 16.0V). Ip and Id are the 
photocurrent and dark current for bias values above the reference voltage; Ipu and Idu 
are the primary photocurrent and dark current at the reference voltage. M* is the gain 
from the I-V measurement and M is the final calculated gain of the APD. The 
calculated gain curve of a 500µm-diameter APD was plotted on Fig. 8.2, and all the 
APDs with mesa diameters ranging from 20µm to 500µm exhibited gain values 
greater than 40, at a reasonably low dark current level. 
8.3.2 APD Surface Leakage Current  






multiplication noise and high gain-bandwidth products due to non-local impact 
ionization effects, the APD dark current is a very critical performance parameter.  
This due to the fact that the gain is increased until the APD noise is comparable to 
that of the following circuitry. Consequently, the dark current is a determining factor 
in the signal to noise ratio. 
Previously, dark current studies of SACM APDs primarily focused on 
sidewall passivation quality and various device passivation techniques, such as 
sidewall passivation using PECVD deposited SiNx films [8-10] and SiO2 films [8-3], 
polymide-based materials [8-11], and even BCB-based materials [8-3], to achieve 
low surface leakage current density. Even though recently published results have 
shown that the surface leakage current, if properly passivated, could be negligible in 
comparison to bulk material related dark current [8-3], the nature of this bulk-related 
dark current was not very clear.  
To examine the dark current dependence on surface passivation, dark currents 
of APDs with different mesa sizes were characterized at room temperature with a HP 
4145B semiconductor parameter analyzer, as shown in Fig. 8.4. The dark current of 
the 30µm-diameter APD was compared to previous results [8-3], [8-10], [8-11]. The 
value of the measured dark current at a bias voltage of 35.2V (90% of breakdown, 
gain >10) was ~26.7nA, which is much less than that of the SiNx-passivated APDs 
(0.7µA/30µm by Kagawa et al, 0.41µA/30µm by Kim et al, and 0.4µA/80µm by 
Makita et al), the polyimide-passivated APDs (67nA/30µm by Kim et al), or the 




















The APD dark current can be divided into two categories by the leakage path: 
the bulk leakage current, which is proportional to the mesa area, and the sidewall 
leakage current, which is only proportional to the mesa perimeter, neglecting the 








π                                (8.6) 
where Jsidewall is the sidewall leakage current density (A/m), and Jbulk is the bulk 
leakage current density (A/m2). The measured dark currents were fitted to the mesa 
Bias Voltage (V)
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diameter using a quadratic fit at a bias voltage of ~35.2V (90% of the breakdown), as 














An almost perfect quadratic fit was achieved, thus the bulk leakage current 
was found to be dominant for large area devices. The fitted surface dark current 
density Jsidewall was 0.19nA/µm, and the bulk dark current density was 0.023 nA/µm2 
at 90% of the breakdown voltage. The dark current can be also divided into two 
components by the multiplication mechanism: the multiplied dark current that flows 
through the bulk and the un-multiplied dark current that normally flows through the 
mesa sidewall, as expressed in the following equation: 
MIII multipliedmultiplieduntotal ⋅+= −                                  (8.7) 
Mesa Diameter (um)































The dark current of a 100µm-diameter APD was fitted with the above 
equation, as shown in Fig. 8.6. The un-multiplied dark current (density) was 
~1.32nA (4.2pA/µm) and the multiplied dark current was ~1.54nA. The dependence 
of dark current on gain remains linear even at gains of 50. The un-multiplied dark 
current (density) is rather small compared to the multiplied dark current component 
and is negligible for APDs biased at high gains.  
The spatial photoresponse profile of the large-mesa-area APD was measured 
by the raster-scanning technique. A 1.5-µm-wavelength He-Ne laser beam with a 
beam-waist <5um was scanned across a 500µm-diameter APD at a bias voltage of 
36.8V (gain≥20). A flat, uniform photoresponse profile was obtained across the 
entire device mesa area, as shown in Fig. 8.6. No obvious photoresponse peak was 
Multiplication Gain (M)

































found around the mesa edge at high gains, which indicates that the electric field 
strength at the mesa edge is not approximately equal to that in the mesa bulk region, 















8.3.3 Dark Current Dependence on Surface Morphology 
Dark current dependence on surface morphology was also examined using 
SACM APD structures, in collaboration with A. Hungtinton, et al, at UCSB. The 
SACM APD wafer design was based on the considerations discussed in previous 
chapters. Several In0.53Ga0.47As/In0.52Al0.48As SACM APD wafers, in which three 






variants of multiplication layer thickness were utilized, were grown and categorized 
by wafer surface morphology conditions. Five of the resulting wafers were selected 
for the morphology study. These five wafers, labeled #1 to #5, cover the full range of 














#1 (021029D) 2000 150 99.3/10.5 - 
#2 (021029C) 2000 200 392.9/48.6 Moderate µ-roughness 
#3 (021028A) 2000 200 461.5/70.6 Severe µ- roughness 
#4 (021029E) 1500 4,000 255.9/44.0 loading dust 
#5 (021028B) 1500 > 10,000 415.4/51.9 desorption defects 
 
 
Defect density, as listed in the second column, was estimated by visual 
inspection of defect counts on the wafer surface, using a Nomarski microscope. 
Defect assignments were obtained through a combination of inference based on 
variations in growth conditions and direct inspection via AFM, as illustrated in 
Fig.8.7 (a) through (c).  
From surface morphology observations, at a growth temperature of 500oC, 
optimal surface conditions were obtained from sample #1, which was grown under 
8×10-6 Torr of arsenic pressure, as shown in Fig. 8.7 (a). However, a metal-rich 
polycrystalline surface, was obtained from using a lower arsenic pressure (4×10-6 






Torr) (Fig. 8.7(b)), and significant three-dimensional islanding was observed using a 





















Fig. 8.7 Illustration of various morphology conditions of SACM APD wafers, (a) 
021029D, (b) 021029C, (c) 021028A 
#3, 021028A 








 Devices obtained from five wafer samples were carefully measured to 
quantify the relationship between surface roughness and leakage (dark) current, and 
devices from all these wafers were grouped into three different sets to characterize 
APD dark current properties. 
Wafer #1, #2, and #3 were included in the first device set, in which the APD 
multiplication region thickness was similar (200nm) but the wafer surface 
morphology was different. Devices with a moderate mesa diameter (125µm) were 
used to represent typical APD behaviors, since the mesa size is large enough to 
include enough defects, if present. The qualitative relationship between surface 
roughness and leakage current can be found in Fig. 8.8. In ascending order, samples 
#1, #2, and #3 cover the entire roughness range in this study. It is quite clear from 








































  A more quantitative investigation of this behavior can be obtained by 
examining the dark current under similar device testing conditions, such as at unity 
gain. When Idark is plotted versus peak-to-peak roughness, an approximately 
exponential dependence can be fitted, as shown in Fig. 8.9.  
So far, only the impact of roughness on the dark current characteristics of 
devices from wafers with different surface morphologies has been compared. A 
complete study of surface roughness requires an understanding of how the wafer 
surface condition causes device performance variation across a single wafer. Thus, 
15 devices each from wafers #4, #2, and #5 were measured in order to investigate 
performance uniformity. For this study, the 125µm diameter devices were selected to 
exclude gross defects, in order to isolate the effects of surface roughness.  
Fig. 8.10 I-V characteristics of 15 devices, from wafer (a) #4, (b) #2, and (c) #5. 
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  It appears that, in addition to the degraded mean dark current value, large 
variations in surface roughness also increase the spread in the dark current 
distribution across an entire wafer, as shown in Fig. 8.10 The observation that I-V 
characteristics become more scattered for rougher wafers is further strengthened by 
the previous APD array study. Although those APD focal-plane array results did not 
directly address the issue of roughness, the APD array in question was fabricated 
from a relatively smoother wafer (similar to sample #1), and the standard deviation 
of the dark current at punch-through was ~10%, a fraction of the mean value, 
compared to 42% for sample #4, 61% for sample #2, and 90% for sample #5, as 





A third set of 250µm-diameter devices, 30 devices in each group from wafers 
#2, #4, and #5, were examined to observe the affects of defects, originating from 
either dust or a bad desorption procedure, on device performance. Devices with 
larger diameters were also investigated in order to potentially include more defects 






Array ~ 10.5 2.00 nA 0.19 nA 9.5% 
#4 44.0 9.38 nA 3.96 nA 42.2% 
#2 48.6 53.57 nA 32.47 nA 60.61% 
#5 51.9 191.18 nA 172.88 nA 90.43% 






generated from either the initial substrate, further material growth, or the final device 
processing steps. The 250 µm devices from the data set had a large enough area and 
were measured in sufficient numbers to provide a range of how the two types of 
defects affect final device yield. All three wafers suffer to varying degrees from 
surface roughness, but beyond this, two distinct failure mechanisms are apparent in 














Sample #4, which had the highest density of dust-related defects, produced a 
number of devices that failed to behave like photodiodes. These devices pass high 
current at low voltage and are insensitive to illumination, which are essentially 
caused by shorts. Sample #5 has at least one short in it, while the great majority of its 
Fig. 8.11 DC characteristics of samples #2 (top), #4 (middle), and #5 (bottom). 
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devices have photodiode-like I-V characteristics, but with extremely high dark 
current. This behavior, characterized by preservation of the basic APD I-V curve 
shape but with excessive leakage, is similar to that associated with extreme 
roughness. 
The failure mechanisms associated with the two different types of defects can 
be attributed to their structural differences. As revealed by AFM, cratering caused by 
dust tends to pierce the entire epitaxial structure, creating an alternative current 
leakage path that shorts the entire APD structure. That is why dust-related failures do 
not preserve the basic shape of an APD I-V characteristic. On the other hand, 
desorption defects look more like a patch of hyper-roughness under the AFM. It 
seems plausible that they would have an analogous effect upon device performance. 
Fortunately, the influence of these defects is limited only to their immediate area. 
Functional devices can be obtained from wafers with a relatively high defect density 
by fabricating small-diameter devices.  
In summary, precise control of the growth conditions that create surface is 
extremely critical in the growth of good quality SACM APD wafers, especially for 
those with very thin multiplication layers (e.g. <200-nm). In APDs with thick 
multiplication layers, surface roughness will result in relatively minor variations in 
electric field strength over the area of the thick multiplication region. When the 
peak-to-peak roughness of epi-layers approaches similar dimensions to the 
multiplication layer, it might become the deciding factor in the final device 







8.3.4 Modeling of InGaAs/InAlAs APD Dark Currents 
APD dark current has been a big issue for both InGaAs-InAlAs APD design 
and fabrication. If too high, the dark current will degrade the achievable APD 
sensitivity by increasing minimum detectable signal level at high gains. Based on 
previous experimental results, a preliminary picture of APD dark current was 














Theoretically, the main contribution to the APD dark current comes from 
thermal generation in the depleted intrinsic region. At room temperature, a dark 
current density of ~ 10-7A/cm2 would be expected from an InGaAs-InAlAs APD, if 






















current density of ~10-5A/cm2 is usually observed. A bump close to the punch-
through voltage on the dark current curve is always observed at room temperature, as 
shown in Fig. 8.13. This may be a clue to isolating the exact source(s) of the 













Dark current originates from various sources, as categorized in equation 









traperfacetrapbulkgenthermaldifftotd     (8.8) 
In this equation, all dark current components are functions of ambient temperature, 
and they all have distinguishing signatures as a function of temperature. Diffusion 
Bias Voltage (V)



































currents Idiff(T), or more precisely, reverse generation currents, which exist in the 
heavily-doped, neutral p- and n-InAlAs contact regions (region 1 and 7 in Fig. 8.12), 
constitute a negligible component of the total APD dark current. Tunneling current 
Itunneling(T), either in the narrow bandgap InGaAs absorption region (regions 2 and 3) 
or in the thin InAlAs multiplication region (region 6), is a minor dark current source 
if the electric field profile in the APD is optimized. Also, since tunneling current has 
a specific exponential signature, it can be easily identified if it exists. The surface 
leakage, if the device is not passivated well, may comprise a large component of the 
total dark current. Proper device passivation, either using silicon dioxide or BCB 
polymers, could reduce the leakage current to an insignificant contribution, as 
corroborated previously in 8.4.2. Defects, either by dust or improper desorption, 
could also generate large dark current levels in an APD. With optimized growth 
conditions and proper device processing, obtaining a defect-free device is quite 
feasible.  
Trap-assisted thermal generation might be responsible for the bump on the 
dark current curve. To verify this, APD dark current was measured at elevated 
temperatures (25oC to 150oC) to observe the dependence on ambient temperature. 
Here elevated temperature is preferred over low temperature because incomplete 
dopant ionization at low temperatures might occur, which would decrease the total 
charge amount in the charge layer. As a result, at a fixed bias above punch-through, 
the APD gain increases as does the multiplied dark current. Temperature induced 
gain variation at a fixed bias voltage complicates experimental data acquisition and 






gain at punch-through remains nearly constant. The measured APD dark current as a 













The temperature dependence of the APD dark current demonstrated that the 
logarithm of the dark current densities were proportional to the inverse temperature, 
as shown in Fig. 8.15. As temperature increases, higher thermal generation rates, 
which are exponentially dependent on the ambient temperature, cause higher dark 
current levels. Further fitting of the extracted data from the temperature 
measurements was done using a thermal emission current model, which indicated 
that the APD dark currents primarily originated from thermal generation originated. 
The extracted average activation energy of traps, which might be generated during 
MBE growth, was approximately ~0.45eV.  
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To better understand the origin of the bulk leakage current, a new set of 
SACM APD structures were fabricated. These APD structures have the same 
multiplication layer thickness (200 nm) but  different absorption layer thickness, 
1.0µm (sample A), 1.3µm(sample B), and 1.5µm (sample C). In these wafers, digital 
alloy transition layers were also incorporated in InAlAs-InGaAs interfaces to smooth 
carrier transport across the hetero-junction. The electric field in the multiplication 
region in these devices was similar at punch-through. Two other samples, one with a 
1.3µm-thick absorber (sample D) and another with a 1.5µm-thick absorber (sample 
E), were also grown as reference wafers for samples A through C, but without 
incorporating digital alloy transition layers. All these samples were grown in growth 
Fig. 8.15 InGaAs/InAlAs APD dark current as a function of 1000/T  
1000/Temperature (K-1)





















runs close to each other, in order to obtain the most consistent epi-layer quality 
among wafers. Simple mesa devices were processed using conditions discussed 
previously, and the dark currents were measured from those devices at room 
temperature. A nearly linear relation between the dark current density and the 
InGaAs absorber thickness, as shown in Fig. 8.16, was observed from three different 
wafers. Devices from the other two wafers exhibited excessive dark current densities, 
probably due to inferior wafer quality. This result indicated that trap-induced thermal 
generation currents, from which the main constituent of the total InGaAs/InAlAs 
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Large-area In0.53Ga0.47As/In0.52Al0.48As APDs for eye-safe optical signal 
detection applications, with a mesa diameter of 500µm, have been demonstrated at 
room temperature. These devices exhibited a very low dark current density of 
~2.5×10-2nA/µm2 at 90% of breakdown. Very low surface leakage current density 
(~4.2pA/µm) was achieved with wet chemical etching and SiO2 passivation. Further 
investigation and analysis of the dark current has shown that, APD bulk leakage 
current, which is a dominant part of the total APD dark current, originates from the 









InGaAs/InAlAs APDs for 10Gb/s 
Telecom Receivers 
Even though Erbium-doped fiber optical amplifiers (EDFA) are gradually 
becoming a prevailing component for high-bit-rate (≥OC-192) long-haul optical 
links, important application sectors such as metropolitan optical transmission 
(10Gb/s) still require low-cost optical receivers to provide optical links at a moderate 
link-span (e.g. less than 100 kilometers) [9-1]. For this reason, there still exists a 
strong push from the telecommunication market to improve the compactness and 
cost-effectiveness of conventional optical receiver technology, in which 
photodetectors and the subsequent electrical amplifiers are integrated. Since an 
integrated APD  optical receiver usually provides at least a 5dB sensitivity 
improvement over a p-i-n integrated receiver, research on high sensitivity 10Gb/s 
integrated APD receivers for OC-192 related applications continue. As a 
consequence, higher and higher APD receiver sensitivity results have been reported 
[9-2]~[9-5].  
As discussed in previous chapters, low noise and high gain bandwidth 
product can be achieved by incorporating a thin mulitplication region in APDs [9-
6]~[9-8]. Based on the previous focal-plane APD array studies, a 200-nm-thick 
InGaAs/InAlAs APD provided a gain-bandwidth product of more than 120GHz. It is 






combined with a low noise pre-amplifer and following amplitude-limiting amplifier. 
This use the focus of a  collaboration between the University of Texas at Austin and 
Multiplex Incorporated, a telecommunication component company.  













To investigate the 10Gb/s APD receiver sensitivity, a separate absorption, 
charge, and multiplication (SACM) APD structure was utilized, as shown in Fig. 9.1. 
APD bandwidth at low gains was estimated based on the saturation velocity model, 
as discussed in Chapter 2. As a result, a 1.0µm-thick absorbing layer was 
incorporated in the SACM APD structure to provide ≥ 8GHz bandwidth at low 
gains, which is primarily limited by the carrier transit time for small devices (e.g. 






diameter ≤ 50µm). This ample bandwidth value relaxes the inter-symbol-interference 
(ISI) burden on the integrated APD receivers by providing open signal eye-patterns. 
To sustain an adequate bandwidth value at high gains, a thin InAlAs multiplication 
region was incorporated into these SACM APD structures. Thickness values of 100-
nm, 150-nm, and 200-nm were utilized to provide a sufficiently high gain-bandwidth 
product (≥120GHz). As a consequence, acceptable bandwidths and moderately low 
excess noise levels at high gains, from these thin APDs, were expected to yield high 
APD receiver sensitivity.  
The doping level of the 150-nm-thick charge layer in these SACM APD 
structures was optimized using the method discussed in Chapter 2 to obtain a 
reasonably low electric field strength (below 150KV/cm) in the InGaAs absorber, 
especially at high APD gains, in order to eliminate the possible carrier multiplication 
in the absorption region [9-9]. High electric field strength, e.g. > 180KV/cm in the 
absorption layer in combination with long path length results in level of impact 
ionization that greatly degrades both the excess noise level and gain-bandwidth 
product. On the other hand, to obtain a maximum bandwidth that is limited by the 
carrier transit time, a lower boundary of the electric field intensity value in the 
InGaAs absorber needs to be sustained (>45KV/cm, in my design) to guarantee that 
both electrons and holes are transported at their saturation velocities in the depleted 
InGaAs region.  
Differing from previous APD gain-bandwidth investigations in our group, in 
which only the gain region characteristic (e.g. G-B product) was focused on while 






study required APDs that exhibit high unity-gain responsivity as well as a high G-B 
product. Optical coupling thus becomes a very important issue in the APD device 
structure and the integrated receiver design, which greatly affects the ensemble 
sensitivity of the APD receiver. In my APD receiver design, a simple but effective 
optical coupling technique, the backside illumination scheme, was adopted to obtain 
high APD external quantum efficiency and to simplify the optical integration 
technology as well. Fig. 9.2 illustrates front-side (a) and backside (b) optical 
coupling scheme. For a 1.0µm-thick InGaAs absorber, using backside illumination 
will provide at least 1.49 times greater responsivity than front-side coupling at a 
1.55µm wavelength, assuming a 0.707µm-1 absorption coefficient, perfect reflection 



























9.2 Material Growth and Calibration  
To obtain APD wafers that have an optimum charge layer doping level and 
the expected electric field profile, multiple wafer growth runs were performed at 
UCSB, using molecular beam epitaxy on semi-insulating InP (100) substrates. The 
composition of InP lattice-matched In0.53Ga0.47As and In0.52Al0.48As alloys was 
initially calibrated using x-ray diffractometry for each single wafer. The growth rate 
of the alloys was then calibrated by optical cavity measurements, and the wafer 
surface morphology was measured by AFM after each growth run. The substrate 
temperature was measured by optical pyrometry during the growth session. Starting 
from a substrate temperature of 500 °C and an arsenic beam flux of 1.2 × 10-5 torr, 
the substrate temperature was ramped to 570 °C in the span of 15 seconds to remove 
the surface oxide. The substrate was then immediately cooled to the growth 
temperature (500°C).  
The first layer grown was a 100 nm-thick unintentionally doped In0.52Al0.48As 
sacrificial layer whose function was to prevent silicon diffusion into the SI-InP 
substrate from the InAlAs n-contact layer, which could potentially cause extra 
parasitic capacitance between contact pads, changing the 50Ω characteristic 
impedance of the co-planar transmission lines. A 500 nm-thick heavily-doped n+-
type (silicon, ≥8 × 1018 cm-3) In0.52Al0.48As layer was grown as a buffer layer and 
followed by another 500-nm n+-type (silicon, ≥5 × 1018 cm-3) In0.52Al0.48As layer, 
which was grown as an n-type contact layer.  Following the n-type contact layer, an 
intrinsic In0.52Al0.48As layer was grown with thickness of 100-nm, 150-nm, or 200-






layer, consisting of 150 nm, p-type (Be-doped) In0.52Al0.48As, was deposited. A 1000 
nm-thick intrinsic In0.53Ga0.47As layer, sandwiched between two 50 nm-thick 
unintentionally-doped In0.52Al0.48As spacer layers, was grown as the absorbing layer. 
Extreme attention was paid to keeping the absorber background doping as low as 
possible during the MBE growth. This was followed by a 400 nm-thick p-type (Be-
doped, 9 × 1018 cm-3) In0.52Al0.48As window layer. The p-type contact layers 
consisted of 100 nm of In0.52Al0.48As (Be: ≥1 × 1019 cm-3) capped with 50 nm of 
In0.53Ga0.47As doped at the same level.  
As a result of multiple wafer growth runs on the UCSB side, which were 
necessary for the optimum charge doping adjustment, several APD wafers with 
different charge layer doping levels were obtained. The charge layer doping level in 
each wafer has been examined using a simple-mesa process. Any APD wafer, once 
verified functional by test devices, was processed with the full-scale procedure to 
obtain high-speed APD devices for further receiver sensitivity investigation. 
9.3 Full-scale Device Processing  
All the functional 10Gb/s APD wafers were fabricated using air-bridge based 
high-speed device processing, as was comprehensively described in Chapter 3. The 
basic processing parameters used are briefly listed here as the following. A 140-nm-
thick Ti(10nm)/Pt(30nm)/Au (100nm) composite metal film was deposited as the p-
type ohmic contact, in a CHA chamber using E-beam evaporation. Mesa patterns 
were then defined by standard photolithography and patterned using wet chemical 






will cause excessive APD leakage current. The undercut from wet chemical etching 
was compensated for during the photomask design step, by using a larger mesa 
diameter mask. Expected mesa diameter size can thus be obtained despite the wet 
etching undercut. After routine silicon dioxide passivation (~200nm), the p-metal 
layer, encapsulated with the SiO2 film, was alloyed with the InGaAs cap layer at 
420oC for 30sec in a RTA chamber, to obtain a good p-type ohmic contact.  
The n-mesa patterns were also defined using wet chemical etching,  through 
the InAlAs sacrificial layer down to the SI-InP substrate. On top of the initial silicon 
passivation layer, another thin silicon dioxide dielectric layer was deposited to 
provide good isolation both between contact pads and between contact pads and SI-
InP substrate. N-contact windows were then opened on top of the n-contact mesas, 
by removing the pre-deposited silicon dioxide films. A composite 
Ni(10nm)/AuGe(30nm)/Au(100nm) film was then deposited in the CHA chamber 
and, after lift-off, was annealed in the RTA chamber to form good ohmic contact to 
the n-type In0.52Al0.48As contact layer. The air-bridge-based interconnects were 
made, using the methods described in Chapter 3, to provide connection between the 
p-contacts and the contact pads. A typical finished 40µm diameter 10Gb/s APD 
device, which was processed for backside illumination, is shown in Fig. 9.3.  
As shown in the picture, the device mesa area has been completely covered 
by the p-type contact metal so that any incident light from the backside will be 
completely reflected, resulting in a double absorption path length. The APD total 
external quantum efficiency at unity-gain was estimated as at least 1.47 times that 

















9.4 Device Characterization  
The photocurrent and the dark current of the 10Gb/s InGaAs/InAlAs SACM 
APDs were characterized at room temperature, after full-scale processing, using a 
HP 4145B semiconductor parameter analyzer. A 1.55µm wavelength light source 
from a SANTAC DFB laser was used to characterize APD photoresponse. Figure 9.4 
shows typical photocurrent and dark current curves from several SACM APDs with 
a mesa diameter of 40µm. APDs on each wafer exhibited uniform breakdown 
voltages across the entire wafer. Since breakdown voltage is sensitive to variations in 
thickness and impurity concentration in the epitaxial layers, it can thus be inferred 
that the MBE growth was very uniform. The APD dark current was found to scale 
with the device area, which means the bulk-related thermal generation current, as 






discussed in the previous chapter, was still the dominant component in the telecom 
APD total dark current. The highest dark current density was observed from APDs in 
wafer #6, which had an extremely thin multiplication region (100 nm) where high 
electric field induced tunneling in the InAlAs gain region might contribute a 













All six types of APD wafers were further examined with C-V measurements 
to pinpoint their actual punch-through voltages, as plotted in Fig. 9.5. Consistent 
with each wafer structure, APDs exhibited capacitance values in a descending order 
corresponding to increasing multiplication region thickness values, at low bias 
voltages prior to device punch-through. This indicated that, before punchthrough, the 
APD total capacitance is dominated by the multiplication region capacitance. Once 
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the device punched through, the capacitance of each device roughly converged to a 
similar value, corresponding to a wholly depleted layer thickness of 1.3~1.4µm. 
Sharp transition of the APD capacitance value is a true indicator of the device punch-
through process, and Vpt, the APD punch-through voltage, can therefore be 














After the punch-through voltage for each wafer has been determined from the 
C-V measurements, the external quantum efficiency of each device was measured 
using a tungsten-halogen light source, a spectrometer, and a lock-in amplifier, as 
described in Chapter 2. All of the APDs, with a diameter of 250µm, exhibited higher 
external quantum efficiencies than expected for a 1.0µm-thick In0.53Ga0.47As 
Fig. 9.5 Typical C-Vs from various 160µm InGaAs-InAlAs APDs  
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absorber, using top illumination. The measured external quantum efficiency surplus, 
compared to the calculated value, originated from APD gain at the relevant bias, 
which was provided by carrier multiplication in the high electric field corresponding 
to the onset of punch-through. The external quantum efficiency at APD unity-gain 




⋅−−⋅−= αη                                       (9.1) 
and device external quantum efficiency at the reverse bias for measurement is 
0,
*
extext M ηη ⋅=                                                (9.2) 
where R is the reflection coefficient at the air-semiconductor interface, α is the light 
absorption coefficient of In0.53Ga0.47As at the relevant incident wavelength, d is the 
absorption layer thickness, ηext is the external quantum efficiency obtained at the 
measurement reference bias, and M* is the gain to be determined. External quantum 
efficiencies for each type of device were extracted from the measured photocurrent 
data in the wavelength range from 1.0 µm to 1.6 µm at a fixed reverse bias voltage 
above each device punch-through, as plotted in Fig. 9.6. Devices from wafer #6 
exhibited the highest value, while wafer #7 had the lowest. This result corresponded 
very well with the electric field intensity value at each device’s punch-through. 









































































Fig. 9.6 External quantum efficiencies from various 250µm-diameter APDs  
Fig. 9.7 External quantum efficiencies at different reverse bias voltages, from a 






For a SACM APD that has a 1.0 µm-thick In0.53Ga0.47As absorption region 
with absorption coefficients (α) of 1.16 µm-1 at 1.3 µm and 0.705 µm-1 at 1.55 µm 
[9-8], the ideal external quantum efficiencies are ~58% and ~46%, respectively, 
assuming an ideal optical transmission of 70% (R=0.3) at the air-semiconductor 
interface. The gain, M*, at the relevant reverse bias, was determined using (9.2), with 
the results listed in Table 9.1. The DC gain of each APD, at reverse bias above 









=                                               (9.3) 
where Ip and Id are photo and dark current for bias values above the reference; Ipu and 
Idu are primary photo and dark current at the reference bias. High external quantum 
efficiencies at various biases above punch-through, as shown in Fig. 9.7, were 
consistently observed from APDs on wafer #6, which is a good evidence of high gain 











Gain at  
–16.0V 
#4 200-nm 31.9 -15.2V 2.35 
#5 200-nm 32.6 -15.9V 2.94 
#7 200-nm 37.3 -14.1V 1.67 
#2 150-nm 27.6 -15.0V 4.05 
#6 100-nm 26.8 -13.4V ≥6.8 
 






The linearity of each APD photoresponse at various incident light intensities 
was also examined prior to packaging in the receiver. Good linearity was 
consistently observed, as shown in Fig. 9.8, from all the APDs selected for 
packaging. Perfect linearity measured in the input power range indicated that no gain 
saturation occurred when the input power ramped up from an extremely low level of 













The bandwidth of every selected 10Gb/s APD device at low-gain was 
examined using a small signal input, with a HP8703A lightwave component analyzer 
at a wavelength of 1.3µm. Every 40µm-diameter 10Gb/s APD exhibited a low-gain 
bandwidth >8GHz, which corresponded very well to the estimated value based on 
the velocity saturation model. The relatively long carrier (for both electrons and 
Input Light Power (dBm)





















holes) transport path length (~2.8µm) associated with the total depleted absorption, 
charge, and multiplication regions determines the bandwidth in the low-gain regime, 













The gain-bandwidth product of APDs was also measured at high-gain values, 
before shipping to Multiplex for receiver integration. The AC gain was calculated by 
comparing the device responsivity at each testing point to the corresponding value at 
a specific reference bias. The method used here was similar to the previously 
discussed gain calculation method based on the external quantum efficiency 
measurements. Typical gain bandwidth products of several 200-nm-thick APDs are 
plotted in Fig. 9.3. The nominal gain-bandwidth product observed from these devices 





































9.5 APD Receiver Integration and Characterization 
After complete device characterization at UT Austin, five types of APD 
samples with different multiplication region thickness (one 100 nm, two 150 nm, and 
two 200 nm) were sent to Multiplex Incorporated to be packaged into 10Gb/s 
receivers. Only three out of five types of APDs from wafer #2, #5 and #7, two with a 
200-nm-thick gain region and one with a 150-nm-thick gain region, respectively, 
passed the device qualification at Multiplex Inc. This was due to high leakage 
current in the 100-nm-thick and the remaining 150-nm-thick APDs. However, the 



















APD receivers to investigate the sensitivity, compared to that from the other thicker 
devices.  
Backside illumination was utilized to enhance APD receiver sensitivity by 
achieving a double optical absorption path in the InGaAs absorber. All APD wafers 
were initially thinned from the InP substrate side, using lapping and polishing. An 
anti-reflection coating was then deposited on the polished substrate side to enhance 
light transmission from the optical-fiber to the APD active region.  
In order to decrease the coupling loss by collecting more light from the 
optical fiber, APDs with  larger mesa size were preferred for receiver fabrication. 
Another important reason for using larger devices was alleviating further difficulty 
with optical fiber alignment. However, larger area introduced higher parasitic 
capacitance, which reduced the APD bandwidth, and therefore shrank the receiver 
bandwidth by increasing the RC time constant. In the second-order trans-impedance 














,                                            (9.4) 
where A0 is TIA open-loop gain, RF is the current feedback resistance, and CD is the 
equivalent parasitic capacitance from the photodiode. As a compromise, devices with 
a 40µm-diameter mesa size were utilized in the receivers, to simultaneously satisfy 
the requirements of acceptable light coupling efficiency and high RC bandwidth, 






A block diagram of the APD receiver is shown in Fig. 9.11. After all on-
wafer characterizations, both DC and AC, all four APD wafers were cleaved into 
individual die. The best APDs were selected, as determined by the to DC and AC 
measurements, and subsequently packaged with low noise trans-impedance 
amplifiers (TTAs), using a hybrid integration technique. An amplitude-limiting 
amplifier (LA) was placed after the TIA to further enhance receiver sensitivity by 
boosting the small analog output of the TIA to a larger digital output, which has a 
pronounced threshold level and superior noise margins for both logic “high” and 
logic “low”. The TIA utilized for integration was a low noise pre-amplifier, 
















  This TIA has an equivalent trans-impedance of 1.2KΩ (~61.2dBΩ) and an 
equivalent input noise current of 10 pA/Hz1/2. The closed-loop 3-dB bandwidth of 
this TIA was ≥10GHz. The cascaded amplitude-limiting amplifier (KGA4219) 
further increased the TIA analog output, from a relatively small amplitude (~20mVp-
p) to a typical digital output amplitude (~600mV), while driving a standard 50Ω load. 
This circuit configuration greatly increases the overall sensitivity of the integrated 
APD receiver, as has been confirmed by earlier work on p-i-n receivers. All of the 
APD receivers were packaged into a dual 12-pin butterfly-type package with a pig-
tailed fiber input port. Proper optical alignment was confirmed by monitoring and 
maximizing the APD photoresponse during receiver packaging. Wire-bonding was 
used to connect the APD to the input pad of the mounted TIA and the TIA to the 
following LA circuit. The output of the LA was connected to a standard SMA output 
adaptor through a pre-fabricated micro-strip transmission line on the packaging 
substrate. 
The sensitivity of all packaged integrated APD receivers were measured 
using a bit-error-rate tester at a data rate of ~9.9853 Gb/s, with a pseudo-random 
binary sequence (PRBS) length of 231-1, at Multiplex Inc.. An evaluation board, used 
to mount the packaged APD receiver, was utilized to provide a connection to the 
peripheral circuits and power supplies, and to de-couple parasitic signals. Dark 
currents and bandwidths measured at an approximate APD gain of ten, prior to 
receiver fabrication at Multiplex Inc., are listed in Table 9.2. Sensitivity results from 
all APD receivers, packaged with avalanche photodiodes from wafer #2, #5, #6, and 






better than –27dBm at a BER of 10-12 with a PRBS of 231-1. At a BER of 10-9 with a 
similar PRBS of 231-1, all of the APD receivers exhibited sensitivities better than –
29dBm, except receiver #G2, which was fabricated using a 100-nm-thick APD that 






Dark current  
@ reverse bias 
(V) 
Bandwidth 





A1, #5 200-nm 150.0nA / 27.8V ~8.0 GHz -29.2 dBm 
A2, #5 200-nm 15.9nA / 27.7V ~8.3 GHz <-29.6 dBm 
C1, #7 200-nm 64.3nA / 33.8V ~8.0 GHz -29.4 dBm 
C2, #7 200-nm 65.0nA / 33.8V ~8.0 GHz -29.0 dBm 
E1, #2 150-nm 34.0nA / 23.2V ~8.1 GHz -29.2 dBm 
E2, #2 150-nm 38.0nA / 23.3V ~8.0 GHz -29.3 dBm 
G1, #6 100-nm 261.0nA / 20.3V ~8.3 GHz -29.0 dBm 




The receivers packaged with the 100-nm-thick APDs were expected to yield 
a better sensitivity result than those using the other APDs, due to lower excess noise. 
However, the high multiplied dark current value appears to be a critical limiting 
factor leading to lower sensitivity compared to the other devices.  
The relatively lower dark current levels in the 150-nm and 200-nm APDs 
yielded better APD receiver sensitivities, as shown in the Table 9.2, despite 
variations in the amplification circuit parameters and differences in packaging, which 
could cause slight variations in APD receiver sensitivity. 






The best sensitivity result obtained so far was from an APD receiver 
packaged with an avalanche photodiode from wafer #5, which had the lowest 
multiplied dark current, ~15.9nA. The optimum APD gain value corresponding to 
the best APD receiver sensitivity was ~15. The sensitivity measured was -29.6dBm 
at a BER of 10-9, with a data rate of ~9.9853 Gb/s and a PRBS of 231-1., as shown in 
Fig. 9.12. This is one of the best 10Gb/s APD receiver sensitivity results reported to 












High multiplied dark currents in the thin (100nm and 150nm) MBE-grown 
InAlAs APDs still remain as one of the limiting factors for achieving better APD 
receiver sensitivity at 10Gb/s data rate, as indicated by the APD receiver results at 
Multiplex. Improving epi-structure quality in order to decrease the InAlAs APD dark 
current is therefore important to obtain better InAlAs APD receiver sensitivity. 






Considerable improvement of the InAlAs APD receiver sensitivity can still 
be achieved by modifying the device structure, even before the dark current issue is 
completely solved. As shown in Fig. 9.10, the achievable APD bandwidth value at 
APD gains up to 15 is still above 8GHz, while a typical bandwidth of ≥7.5GHz is 
sufficient to satisfy the requirement of a 10Gb/s APD receiver. Slightly increasing 
the InGaAs absorbing layer thickness in the InAlAs APDs, or using a partially 
depleted absorbing region, may provide additional APD responsivity thus increasing 
APD receiver sensitivity, if properly designed, fabricated, and packaged.  
Obtaining a higher APD gain-bandwidth product is the most effective way to 
obtain higher receiver sensitivity. Impact-ionization engineering can ultimately be 
utilized to increase the APD gain-bandwidth product without significantly increasing 
the APD excess noise, as long as the excessive (tunneling) leakage current is 
effectively suppressed. Further optimization of the TIA circuit, either through 
modifying the current circuit structure or completely changing the fabrication 
technology (e.g. using HEMT-based low-noise circuitry), may be another option to 








InAlAs APDs with a thin multiplication region (ranging from 100-nm to 200-
nm) have been developed for 10Gb/s telecommunication applications. These APDs 
exhibited acceptable gains, sufficient bandwidths, and ample gain-bandwidth 
products for APD receiver fabrication. At BER of 10-9, an APD receiver sensitivity 
of better than -29.6dBm at a data rate of ~9.9853 Gb/s and a PRBS of 231-1 has been 
achieved by utilizing a 200-nm InAlAs APD. This among the best sensitivity results 
reported to date. High multiplied APD dark current level in the thinner InAlAs APDs 
was identified as a limiting factor for obtaining higher APD receiver sensitivity. 
Improving the epi-layer quality and decreasing the APD dark current is one approach 
to enhance the sensitivity of these receivers. On the device end, ample low-gain 
bandwidth indicated that slightly increasing the InGaAs absorber thickness, or  even 
by using a partially depleted absorber, could be other options to obtain better APD 
receiver sensitivity. In the future, an impact-engineered multiplication region could 
be incorporated into InAlAs APDs to obtain higher receiver sensitivity, by 
suppressing the excess noise and increasing the gain-bandwidth product. On the 
circuit end, APD receiver sensitivity could be further increased by optimizing the 






InGaAs/InAlAs Waveguide APDs for 
40Gb/s Applications  
Achieving high sensitivity in APDs for 40 Gb/s optical telecommunication 
applications has been a long time challenge. High unity-gain responsivity, a high 
bandwidth at low gains, and a high gain-bandwidth product are the critical figures of 
merits for these applications. Compared with the normal incidence srructures, the 
edge-coupled waveguide (WG) approach, combined with a separate absorption, 
charge and multiplication APD structure, is promising for 40 Gb/s signal detection, 
because this approach provides the possibility for de-coupling light absorption 
efficiency from carrier transit time and allows concurrent optimization of APD 
sensitivity and speed, as shown in Fig. 10.1.  
To date, only a few edge-coupled waveguide APDs have been demonstrated. 
Cohen-Jonathan et. al. achieved a high external quantum efficiency of 72% by direct 
edge coupling into the 0.5µm absorbing layer, yet the bandwidth was only 20 GHz at 
low gains [10-1]. Even though a higher bandwidth of 35 GHz at low gains was 
achieved by employing a thinner multiplication layer, using a similar approach, the 
external quantum efficiency was only 58% and the gain-bandwidth product was 
~140 GHz [10-2]. The highest reported gain-bandwidth product for WG-APDs was 
320 GHz, which was demonstrated with a ~0.2µm thick absorbing layer. 
Unfortunately, the quantum efficiency was only approximately 5% for the small, 
high-speed devices [10-3]. By using an APD with a thinner (~0.12µm) absorbing 
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thickness, an evanescently-coupled asymmetric twin-waveguide APD obtained a 
quantum efficiency of 48% [10-4], at the expense of developing a more complicated 
(thus more difficult to fabricate) device structure. The bandwidth at low gains was 
~31.5 GHz and the gain-bandwidth product was 150 GHz. Previously, our group 
demonstrated a high efficiency (>80%) and broad bandwidth (>48 GHz) 
evanescently-coupled p-i-n photodiode that employed a planarized short multimode 
waveguide (PSMW) [10-5]. The idea of extending this PSMW approach to 
demonstrate a 40Gb/s APD by combining a waveguide structure and a SACM 








Fig. 10.1 Device structure of the early-stage waveguide APDs  
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10.1 Design of the 40Gb/s Waveguided APDs 
In the early stages of WG-APD studies in our group, the APD structure 
itself was designed as a symmetric slab waveguide, as shown in Fig. 10.1 [10-3]. 
Even though the slab waveguide was designed to achieve good internal quantum 
efficiency, the optical coupling from fiber to the APD core region (absorber) was 
poor (<5%) due to excessive loss from coupling a round optical fiber (beam waist 













Facet engineering was proposed, after an initial investigation of the 
quantum efficiency of the WG-APDs, and various facet patterns were designed and 
evaluated to improve the light coupling efficiency. In this initial study [10-6], 
facets with flat, lensed, wedged, deep-wedged or serrated-wedged surfaces were 
Fig. 10.2 Various facet patterns used to enhance optical coupling 
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fabricated and compared, as shown in Fig. 10.2. The optical coupling efficiency of 
the lensed-facet proved similar to the flat-facet, even though theoretical simulation 
indicated a higher efficiency value. The reason might be attributed to the 
fabrication-induced facet geometry variation and distortion from the theoretical 
analyses. The lens-facet and flat-facet devices exhibited negligible differences 
between external quantum efficiencies. Better optical coupling efficiency was 
obtained from the wedged-facet WG-APDs. Based on the external quantum 
efficiency of the flat-facet long WG-APD, the wedged-facet APD achieved 43% 
higher coupling efficiency assuming a perfect anti-reflection coating [10-6]. But 
the external quantum efficiency (~22.9% for long WG-APDs) was still less than 
acceptable value for practical applications.  
At the beginning of this project, the initial idea I proposed was to use an 
asymmetric tapered twin-waveguide coupling scheme, which was very similar to 
what has already been reported [10-4], as shown in Fig. 10.3. The initial design, for 
which much effort was devoted to simplify the WG-APD device structure, material 
growth, and device processing, proved too complicated to achieve with our current 
research capabilities, even though the simulated result indicated a promising optical 
coupling efficiency (>50%). Further breakthroughs in the PSMW p-i-n photodiode 
made by Stephane Demiguel et. al. [10-5] brought new hope for the high-
responsivity 40Gb/s APD project. Collaborated with Stephane Demiguel, a more 
aggressive idea for incorporating a SACM structure on top of the PSMW in order 
















10.1.1 Optical Design 
As was discussed in Chapter 3, the most challenging work for the 40Gb/s 
APD sensitivity design was optimizing the lateral optical coupling efficiency for a 
given APD absorber thickness. The optical coupling efficiency, which can be 
expressed in terms of responsivity or external quantum efficiency, is determined 
by: a) optical coupling from the optical fiber to the photodiode, and b) light 
absorption in the thin APD absorber. The combined effects yield the final APD 
responsivity at unity-gain. Enlightened by several recent studies on high-
responsivity waveguide p-i-n photodiodes, the idea of separating input light 
coupling and light absorption in a waveguide APD was formed.  
Fig. 10.3 Initially proposed waveguide APD structure, with a taper coupling scheme
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For the early-stage WG-APD studies, excessive optical loss at stage a) 
yielded external quantum efficiencies too low, even for the later improved wedged-
facet design. In the new WG-APD scheme, a multi-core-layer (diluted) waveguide, 
which has been widely adopted in waveguide coupling design, was used to enhance 











The optical coupling efficiency from a fiber to a slab waveguide, ηC, can be 
expressed as the overlap integral of the modal field from the fiber output (Ψfiber) 















η                    (10.1) 
The coupling loss LC from the input optical fiber to the waveguide is defined as 
)log(10 CCL η−=                                             (10.2) 
Fig. 10.4 The improved 40Gb/s telecom APD structure, using a 
multimode waveguide scheme 
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The diluted input waveguide was optimized for both a lensed fiber and a 
cleaved fiber, with diameters of 6µm and 11µm, respectively. The coupling loss is 
0.55dB for the lensed fiber and 2dB for the cleaved facet fiber. The TE/TM 
polarization dependence is 0.2dB for both optical fiber types. The associated 
alignment tolerances were ±1.3µm and ±2.1µm, respectively.  
The light that was coupled into the diluted waveguide was then transferred 
to the upper photodiode absorber by the refractive index steps in the two optical 
matching layers. The bandgap of these layers were equivalent to  absorption band 
edges of 1.1µm and 1.4µm. Figures 10.5(a) through 10.5(e) show cross sections of 
the field intensities and illustrate the process of light coupling, based on the 
simulated results. 
10.1.2 Electrical Design 
The separate absorption, charge, and multiplication APD structure was 
utilized for the 40Gb/s WG-APD. A thin absorption region was intended to 
guarantee a low-gain bandwidth >30GHz, dominated by the carrier transit time. 
This absorber thickness was optimized along with other APD parameters during the 
final simulation for O-E integration. The first APD parameter fixed was the InAlAs 
multiplication layer thickness. A thin (150nm) InAlAs multiplication region was 
incorporated into this SACM structure to provide low multiplication noise, as well 
as a high gain-bandwidth product. Previous studies on the InGaAs/InAlAs SACM 
APDs indicated that once the multiplication layer is too thin, i.e. less than 150nm, 
the inter-band tunneling effect will generate excessive dark (leakage) currents in 
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InP Semi-insulating substrate 
SACM APD structure 
P-doped window layers 
p-type second matching layer, Q=1.4 
p-type first matching layer, Q=1.1 
Undoped diluted input waveguide, Q=1.4/1.1 
Incoming 
light beam 
Z=0 Z=20 Z=55 
Fig. 10.5 (a) X-Y plane optical power distribution profile at Z=0.0 µm  




Fig. 10.5 (c) X-Y plane optical power distribution profile at Z=20.0 µm  
Fig. 10.5 (d) X-Y plane optical power distribution profile at Z=25.0 µm  
Fig. 10.5 (e) X-Y plane optical power distribution profile at Z=30.0 µm  
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the thin InAlAs multiplication layer at high electric field, which usually exceeds 
750KV/cm for thin InAlAs layers. For the initial 40Gb/s APD design, simulations 
indicated that a 150nm-thick InAlAs multiplication layer would provide enough 













The total charge amount was optimized, using  BandProf software, to limit 
the electric field strength in the InGaAs absorber below 150KV/cm and  eliminate 
low field carrier multiplication in the InGaAs absorber, which can generate a long 
carrier multiplication path in the depleted region and degrade both the noise and 
gain-bandwidth product. The APD band diagram at zero bias is shown in Fig. 10.5, 
while Fig. 10.6 shows the APD band diagram above punch-through. Too low an 
electric field in the absorption layer was also avoided by adjusting the doping  in 
the charge layer to guarantee that the electric field strength was high enough to 
Position (nm)




















Conduction band @ Zero Bias
Valance Band @ Zero Bias
Fig. 10.5 Simulated band structure of the SACM APD, at zero bias 
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Graded digital alloy (InGaAs)y(InAlAs)1-y transition layers were incorporated in 
each InGaAs-InAlAs hetero-junction interface to eliminate possible carrier 
trapping, due to offsets in both the conduction and valance bands. The 30nm 
transition layer thickness used in the device structure was limited by the MOCVD 
epi-layer growth rather than design-related constraints. The total thickness of the 
SACM structure and the thickness for each critical layer were optimized during the 
optical-electrical coupling simulations. 
Position (nm)





















Conduction band @ Bias of -11V
Valance Band @ Bias of -11V
Fig. 10.6 Optimum charge layer doping, determined by punch-through  
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10.1.3 O-E Integration and Device Optimization 
Based on the previous waveguide p-i-n structure, two matching layers 
comprised of quaternary InGaAsP alloys (Q1.1 and Q1.4, respectively) were 
utilized to enable light transfer from the lower diluted input waveguide to the upper 







Even though the design of both the diluted input waveguide and the SACM 
APD structure was straightforward, efficient light coupling from the bottom input 
guide to the APD absorber remained a challenge. Optical design for a WG-APD is 
more difficult that for a p-i-n photodiode, because in a p-i-n photodiode structure 
the absorption region is directly adjacent to the input waveguide, thus the optical 
mode in the input-guide is more easily coupled into the absorption region. In a 
waveguide APD, however, both the charge and multiplication regions are located 
between the input-guide and the absorption region, which makes transfer of the 
optical mode from the diluted input-guide to the SACM absorber more difficult to 
achieve.  
The absorber, charge layer, and multiplication layer thickness, as well as the 
thickness of the digital-alloy transition layers between the InGaAs and InAlAs 
Fig. 10.7 Matching layer structure used in the waveguide APD  
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layers, are all constraints on the WG-APD design. The thickness of the 
multiplication layer and digital-alloy transition layers was fixed by material and 
growth constraints, as discussed previously. Even though further simulations, using 
3-D BPM software, showed that a 170-nm gain region thickness corresponded to 
the least TE-TM mode polarization of the total guided optical power loss, as shown 
in Fig. 10.8, a thinner 150-nm gain region was still adopted to reduce the APD 
excess noise and to obtain a higher G-B product. The thickness of both the charge 
layer and absorbing layer was then determined by further optical simulations, based 
on the best coupling (minimum guided power loss) from the input front of the 






































Fig. 10.8 Total guided optical power loss in the waveguide APD, as a function of 
the multiplication region thickness
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    Simulations of the overall WG-APD coupling efficiency were therefore 
performed to determine two remaining parameters: the absorber thickness and the 
charge layer thickness. The calculated guided power loss exhibited strong 
dependence on the absorber thickness, as shown in Fig. 10.9, assuming a fixed thin 
charge layer. The least quantum efficiency dependence on TE/TM mode was 
observed when the absorber layer (InGaAs) thickness was ~190nm. Further 
simulations indicated that the dependence of total guided optical power loss as a 
function of the charge (InAlAs) layer thickness was insignificant, as shown in Fig. 
10.10, as long as the charge layer is thin (<50-nm). As a compromise, a 50-nm-
thick charge layer thickness was utilized to avoid high charge layer doping 
















































The APD external quantum efficiency for TE and TM mode was examined  
using the determined device parameters. An optimum unity-gain external quantum 
efficiency of >50% was expected from this waveguide APD structure, as shown in 
Figs. 10.11 and 10.12.  
The simulation results also indicated that the total APD external quantum 
efficiency is strongly dependent on the waveguide length. This issue can be 
addressed by using a V-groove technique, from which the accuracy of the length of 
the input waveguide can be controlled within ± 1.0µm, which is in turn determined 

























Fig. 10.10 Total guided power loss in the waveguide APD, as a function of 













Fig. 10.12 TM mode responsivity as a function of optical path length 
Fig. 10.11 TE mode responsivity as a function of optical path length 
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10.2 Wafer Growth and Calibration 
The first WG-APD wafer was grown at Acatel. The epitaxial structure was 
grown using Low Pressure Metal Organic Vapor Phase Epitaxy (LP-MOVPE) at 
670°C on a semi-insulating InP substrate. The precursors were trimethylgallium, 
trimethylaluminium, trimethylindium, arsine, phosphine, silane and diethylzinc. As 
stated above the PSMW consists of a diluted waveguide and two optical matching 
layers, and both the quaternary alloy ingredients and the refractive index of those 
layers were calibrated before the final growth of the WG-APD structure. Calibrated 
results are shown in Fig. 10.13 − 10.17, for the diluted waveguides and the 














Fig. 10.13 Structure of the diluted multimode input waveguide 
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For the SACM APD structure, a thin (20-nm-thick) n-type InP contact 
layer/etch-stop was initially grown above the InP-matching layer, followed by a 20-
nm-thick n-type InAlAs contact layer. After that, an un-doped, 150-nm-thick 
InAlAs layer was grown as the multiplication region. Then a p-type InAlAs charge 
layer of 50-nm was grown with a nominal doping level of 8×1017cm-3, based on the 
estimated total charge. An un-doped graded layer of 30-nm was inserted between 
the InAlAs charge layer and the InGaAs absorbing layer in order to smooth the 
heterojunction. Two 20-nm InGaAsP layers (1.4-µm and 1.1-µm band gap) were 
used for the same purpose at the InGaAs/InP heterojunction. The absorbing layer 
thickness was 190-nm, yielding a 0.46µm-thick total active SACM structure, which 
resulted in a short transit time. SIMS analysis for each layer was performed after 




































Fig. 10.15 Test structure before the matching layer growth 
















After calibrating all of the sub-structures individually, as discussed, the 
entire waveguide APD device structure was grown on a 2-inch SI-InP substrate in a 
single run at Alcatel. The final wafer structure was examined with SIMS, as shown 
in Fig. 10.18, to guarantee that all the layers were consistent with the design, with 
regard to thickness and doping levels, prior to further device processing and 
characterization at the University of Texas at Austin.  














10.3 Waveguide APD Fabrication 
The process flow of the WG-APD was quite different from that of the 
10Gb/s APDs, even though both processes were developed for fabricating high-
speed devices using air-bridge interconnects. The process started with the p-contact 
formation. A thin (2000Å) SiO2 film was pre-deposited prior to the metal 
deposition, and the p-contact patterns were defined on the silicon dioxide film 
using standard photolithography (PR AZ5209) to assist in the p-metal lift-off 
process. A Ti (100Å)/Pt(300Å)/Au(1000Å)/Ti(1000Å) metal film was deposited 
both as the p-contact metal and as the mesa etching mask. A rapid thermal anneal 
was then used to form p-type ohmic contacts. Another function of annealing before 
p-mesa formation is to eliminate possible side etching through the metal-
semiconductor interface during the later wet chemical cleaning step, which would 
Distance (nm)








































Fig. 10.18 SIMS verification after the whole wafer growth 
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degrade the ohmic contact and result in larger contact resistance. The SiO2 mask 
was then removed before mesa-etching. 
The photodiode mesas were patterned using reactive-ion-etching. The etch 
rate was calibrated carefully prior to device processing, to guarantee that the etch 
would stop before reaching the InP etch-stop. Here, the p-contact metal was used as 
the etching mask, and a thin InP layer on top of the second optical matching layer 
served as the etch stop for wet-chemical etching. A SiO2 film was then deposited 
for mesa sidewall passivition.  
Deep (>4.0µm) trenches around the center signal pads were etched down to 
the InP substrate to isolate the contact pads between the p- and n-electrodes. The 
purpose of trench isolation was to realize planarized interconnects between the p-
mesa electrode and the p-contact pads. 
Contact windows were then opened for n-type ohmic contacts.  
AuGe(300Å)/Ni(200Å)/Au(1000Å) was used as the n-contact metal. RTA was 
employed after the n-metal lift-off process at 400oC for 40 seconds. After 
patterning the n-contact metal, an air-bridge process, very similar to the process 
described in Chapter 3, was performed to connect the photodiode and the signal 
pad.  
Finally, the photodiode chips were precisely cleaved using the defined V-
grooves on the wafer. This enable precise control of the length of each individual 
waveguide. An anti-reflection (AR) coating was deposited on the photodiode facet 
to enhance the optical coupling from the optical fiber core to the diluted input 
waveguide of the photodiodes. This simplified fabrication technology does not 
utilize etching steps for the waveguide or any other critical alignment steps, thus 
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greatly decreasing the fabrication cost and time, which are the main concerns for 













10.4 Results and Discussion 
       Fig. 10.20 shows a typical current-voltage characteristic for a 5×20-µm2 
PSMW APD, at different optical input power levels. The breakdown occurred close 
to 18.5V, and the dark current at 90% of breakdown was in the range of 100 to 500 
nA, in various devices across a sample of ~1cm2 dimension.  Capacitance-voltage 
measurements were also performed in order to examine the punch-through. The C-
V results from devices with different mesa diameters indicated a punch-through 
voltage of ~10 V, and the device capacitance scaled with to the device area, as 
shown in Fig. 10.21. 




































































































Fig. 10.20 Typical photocurrent and dark current curves of a 5×20-µm2 APD 




      In order to determine the gain at punch-through, the quantum efficiency was 
measured at a reverse bias of ~10.0 V on a large area device, using top 
illumination. The measured external quantum efficiency was then compared to the 
maximum theoretical value based on a 190-nm-thick InGaAs absorber, which was 
verified by SIMS analysis. The minimum gain at punch-through was determined to 













The –3 dB bandwidths were measured using a heterodyne setup, as shown 
in Fig. 10.23. A broadest bandwidth of 34.8 GHz was obtained for an avalanche 
photodiode at 11.0V reverse bias, which corresponded to a multiplication gain of 
1.84. At the same gain, the 5×15-µm2 and the 5×30-µm2 photodiodes exhibited 
bandwidths of 35.5 GHz and 31.8 GHz, respectively, which suggests that the 
Fig. 10.22 External quantum efficiencies measured at different reverse biases 
Wavelength (nm)
























bandwidth was primarily dominated by transit-time limitations. Fig. 10.24 shows 
the measured –3 dB bandwidth versus the DC gain of three different photodiodes 
that have  device areas of 5×20-µm2, 5×25-µm2, 5×30-µm2. These devices 
exhibited a –3 dB bandwidth of 27 GHz at gains up to 4. The gain-bandwidth 













The unity-gain responsivity of a 5×20-µm2 diode was measured and 
compared with the designed values, as shown in Fig. 10.25. The solid line in Fig. 
10.25 represents the simulated responsivity of a 5×20-µm2 diode as a function of 
waveguide length. The measured responsivity was >0.62, after an antireflection 
coating was deposited to the input waveguide facet. Owing to the lower refractive 
index of the multiplication and charge layers, the expected responsivity is lower 
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Fig. 10.24 Gain-bandwidth products of various waveguide APDs, with different 
device area  







10.5 Summary  
Design of the first evanescently-coupled SACM APD with a planar short 
multimode waveguide has been completed. Fabrication technology associated with 
this type of high-speed avalanche photodiode design was also developed. The 
fabricated photodiodes exhibited high-responsivity (>0.62 A/W) at unity-gain. A 
broad bandwidth of ≥34.8 GHz was observed at low gains. A gain-bandwidth 







Conclusions and Future Work 
11.1 Conclusions 
Noise reduction associated with the increasing Al-content and decreasing 
multiplication-layer thickness was observed from extensive AlxGa1-xAs APD noise 
measurements. Further investigations of AlxGa1-xAs APD noise at various 
temperatures indicated that APD multiplication noise, which determines APD 
sensitivity and speed, was not visibly degraded as ambient temperature increased up 
to 125oC. By incorporating an In0.53Ga0.47As absorbing layer with an Al0.2Ga0.8As 
multiplication region using a direct wafer bonding technique, the possibility of 
obtaining long-wavelength APDs on GaAs substrates through heterogeneous 
integration was demonstrated. Reasonable multiplication gains, low dark current, 
and acceptable quantum efficiencies in the long-wavelength range were observed on 
the wafer-bonded APDs.  
A 12 × 12 In0.53Ga0.47As/In0.52Al0.48As SACM avalanche photodiode array 
was the first demonstrated on MBE-grown material. APDs in this array exhibited 
uniform distributions of breakdown voltage, photoresponse, dark current, and 
multiplication gain. An 18 × 18 focal-plane APD array was further developed with 
improved speed performance (gain-bandwidth >120GHz). Recently, a 40 × 40 
InAlAs SACM APD array was also demonstrated on MOCVD-grown material, with 




sensing applications was another interesting topic of my research. Large-mesa-area 
In0.53Ga0.47As/In0.52Al0.48As APDs, with a mesa diameter as large as 500µm. Further 
investigations and analyses of the APD dark current indicated that the bulk leakage 
current, the dominant component of the total dark current, originates from deep-
level-trap related thermal generation in the entire bulk In0.53Ga0.47As absorber. 
Studies of SACM APDs with thin InAlAs multiplication regions indicated 
that a sensitivity better than -29.6dBm at a bit-error-rate of 10-9 and data-rate of 
10Gb/s is attainable. This study also indicated that 10Gb/s APD receiver sensitivity 
could be further improved as long as the APD dark current level, gain-bandwidth 
product, and noise can be optimized through device structure and MBE growth 
improvements. By improving the optical coupling efficiency using the combination 
of a diluted multimode waveguide with an optimized thin-multiplication-region 
InGaAs-InAlAs SACM APD structure, a novel 40Gb/s evanescently coupled 
waveguide APD has been demonstrated, with a unity-gain responsivity >0.62A/W, 
low-gain bandwidth >34GHz, and a gain-bandwidth product >160GHz at high gains. 
The V-groove cleaving method, together with the cost-effectiveness associated with 
the simplified APD device fabrication process, made this novel technique a 
promising APD solution for future 40Gb/s telecommunication applications. 
11.2 Future Perspectives 
The APD multiplication region characteristics will determine the speed and 
noise performance at high gains. In Chapter 4, it was shown that a high-Al-ratio 
AlGaAs APD with a thin multiplication layer exhibited very low multiplication noise 




APDs exhibited multiplication noise even lower than silicon APDs. The possibility 
of heterogeneous integration between III-V compounds, by means of direct wafer 
bonding, has been proved through InGaAs-InP-GaAs-AlGaAs APD and InGaAs-
InAlAs-GaAs-AlGaAs APD studies, as discussed in Chapter 6. Extremely low-noise, 
ultra-high-speed APDs are therefore expected by integrating long-wavelength 
absorbing materials, such as InGaAs, with either a high-Al content gain region or 
with an IIE structure.  
Further improvements of both epitaxial layer quality and device processing 
quality are critical for obtaining larger-scale long wavelength focal-plane APD 
arrays with lower dark currents and better uniformities. Flip-chip bonding 
technology is also a critical technique for further integration of APD arrays with 
high-speed read-out circuits to build a fully functional module for 3-D imaging 
systems. 
Even though one of the best sensitivity results has been achieved during my 
10Gb/s APD receiver study, room still exists for further sensitivity improvement. 
Using a thinner multiplication region (<200nm) is one option, if APD dark current 
could be further minimized. Additionally, continuing the exploration of low noise 
IIE structures on InP-based material systems is also a feasible way to obtain high-
sensitivity telecommunication APD receivers. So far, two types of IIE structures, one 
with a single-well gain region and another with a graded gain region, have been 
successfully incorporated into SACM APDs. Preliminary investigations on these 
APDs indicated that, even though those APDs exhibited acceptable gains, the high 
(tunneling) leakage current is still a big issue for their practical applications. Further 




decreasing total APD dark current level. Recent progresses on high-Sb content 
AlAsSb alloy studies might be an immediate hope for the InP-based IIE research. 
For both 10Gb/s and 40Gb/s applications, a semiconductor optical amplifier 
(SOA) combined with a high-power p-i-n structure is also promising for achieving 
“amplifler-less”, high-sensitivity optical receivers, by using optical amplification. 
Recently, my observation of high-power p-i-n photodiode sensitivity at 10Gb/s data-
rate indicated that our current waveguide p-i-n photodiodes, which are mature for in-
plane integration with SOAs, are capable of directly driving a 50-Ω load at high-
speed. Subsequent advances in SOAs and further integration with waveguide p-i-n 
photodiodes are therefore expected to achieve high sensitivity SOA + PIN receivers 
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